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In light of global change, there is an increasing urgency to successfully harness restoration to 
safeguard biodiversity and yield resilient and functioning ecosystems. In measuring 
biodiversity, approaches that incorporate species’ functional traits (i.e. measures of functional 5 
diversity) are crucial in linking biodiversity with ecosystem functioning in ways richness-
based measures alone cannot. However, there lacks a comprehensive global assessment of the 
effectiveness of restoration in the recovery of functional diversity.  
 
I conducted a meta-analysis of 30 restoration projects (freshwater and terrestrial) by 10 
extracting species lists from published studies and matching these to publicly available trait 
data. I compared actively and passively restored sites with degraded and pristine control sites 
with respect to three key measures of functional diversity (functional richness, evenness and 
dispersion) and two measures of species diversity (species richness and evenness). I 
conducted separate analyses for longitudinal studies (which monitored control and restoration 15 
sites through time) and space-for-time substitutions, which compared control sites with 
restoration sites of different ages at one point in time. 
 
Overall, restoration appeared to be effective in space-for-time studies, with restored sites 
improving across multiple diversity measures over time. However, the studies that were best 20 
able to detect a difference (i.e. replicated longitudinal data) did not find sustained benefits of 
restoration for any measure of functional diversity, suggesting that the positive results found 
in space-for-time data may have been an artefact of the inability of the study design to control 




more effective than passive measures (i.e. unassisted regeneration) at restoring species 
diversity or functional diversity. My findings on differences across study designs explain the 
variable results found by recent studies that directly measured the response of functional 
diversity to restoration, as many did not have these controls for temporal changes, whereas 
the study that did found no long-term effect of restoration. Further to this, functional richness 5 
and functional dispersion increased logarithmically with species richness, though this 
observed relationship was no different than could be expected if assemblages of species had 
been generated at random. Patterns were consistent across the six taxonomic groups, six 
ecoregions and two realms (freshwater and terrestrial) included in this work.  
 10 
Based on these findings, I stress the indispensability of including negative degraded controls 
in ongoing monitoring to distinguish the consequences of restoration efforts from unassisted 
temporal changes. Additionally, the failure of active restoration to outperform passive 
restoration suggests that allocating resources towards less intensive measures over larger 






Environmental change has lead inexorably to the degradation of ecosystems and 
unprecedented losses of the biodiversity therein (Cardinale et al. 2012). In response to this, 
ecological restoration is increasingly being harnessed to safeguard species and ecosystems 5 
and to the protect the livelihoods that depend upon them (Suding et al. 2015). Restoration 
seeks to assist the recovery of damaged, degraded or destroyed ecosystems (McDonald et al. 
2016). Restoration as a tool has immense potential, however scientists and practitioners have 
yet to agree on how best to assign suitable restoration targets (Perring et al. 2015), and 
thereafter how to quantify the success of their efforts (Ruiz-Jaen and Aide 2005). 10 
Furthermore, there is a fundamental need to agree upon how to measure biodiversity (Purvis 
and Hector 2000), so to accurately determine whether restoration targets (and the progress 
towards them) are actually leading to realised gains for species and ecosystems (Palmer et al. 
2005). 
 15 
Historically, measures of biodiversity have been exclusively taxonomically-based, hence 
species richness has often been set as an important goal for restoration (Franklin 1993, 
Gotelli and Colwell 2001). However, it is now widely acknowledged that the functioning of 
ecosystems (and the resilience of this functioning in light of global change) is pivotal for the 
persistence of species (Ehrenfeld 2000, McDonald et al. 2016). In recognition of this, 20 
biodiversity is increasingly being defined accorded to the differences in functional traits 
within a community, i.e. functional diversity (Dı́az and Cabido 2001, Petchey and Gaston 
2006). Functional traits are characteristics that reflect an organism’s performance, whether 




response it has to its environment (i.e. a ‘response’ trait) (Lavorel and Garnier 2002, Violle et 
al. 2007). This shift in focus towards functional traits gives more insight into ecosystem 
functioning beyond what can be determined from species measures alone (Petchey and 
Gaston 2002, Diaz et al. 2004, Hooper et al. 2005, Cornwell et al. 2008). The development 
and improvement of functional diversity metrics has continued in recent years (Villéger et al. 5 
2008, Laliberté and Legendre 2010, Cadotte et al. 2011), and these metrics have been applied 
in assessing the response of biodiversity to stressors such as land-use change (Laliberté et al. 
2010), climate change (Thuiller et al. 2006) and biotic invasion (Funk et al. 2008). This 
avenue of functional diversity is one with promise, and the inclusion of the characteristics of 
species that determine their effect on and response to a changing environment has clear 10 
benefits for restoration that extend beyond what can be achieved from species’ identities 
alone (Palmer 2016). 
 
Understanding how functional diversity responds to restoration will also shed light on the 
drivers of community assembly (Fukami et al. 2005, Funk et al. 2008), particularly the roles 15 
of niche differentiation (MacArthur and Levins 1967, Kraft et al. 2008) and habitat filtering 
(Keddy 1992, Diaz et al. 1998, Mouillot et al. 2007). Understanding whether both, either or 
neither of these two factors drive the reassembly of restoring communities could reveal 
whether the target of improving species richness alone would result in expansions (via niche 
differentiation) or reductions (via habitat filtering) of niche space by default, such that the 20 
assembly of communities could be non-random with respect to species traits (Petchey et al. 
2007). Increasing richness could expand niche space if, for example, species were only able 
to colonise if their traits differed markedly from those of the existing community (Fargione et 
al. 2003). This would result in diverse communities having a greater diversity of trait values 




Conversely, increasing richness would not expand niche space (as much as expected at 
random) if subsequent species are redundant in their functional roles, for example if 
environmental filters only allow colonisation by species with a subset of traits (Petchey et al. 
2007, Swenson 2011). It has yet to be demonstrated in the context of restoration whether 
species-based measures sufficiently capture information of functional diversity by default, 5 
but the answer to this question requires testing these hypotheses regarding trait diversity 
during community assembly. Exploring this idea could yield valuable information for 
scientists and practitioners as they aim to more effectively incorporate functional diversity 
into the planning and assessment of restoration efforts (Palmer 2016). 
 10 
In recent years, published studies have begun to explore the response of functional diversity 
to restoration in different ecosystems and with different focal taxa; however, results have 
been variable. Restoration was found to yield increases in both functional diversity and 
species diversity (Qin et al. 2016, Rocha-Ortega et al. 2018), increases in species diversity 
but not functional diversity (Tullos et al. 2009, Díaz-García et al. 2017), increases in 15 
functional diversity despite no change in species diversity (Modiba et al. 2017, Derhé et al. in 
press), or no significant improvements in either diversity measure (Audino et al. 2014, 
González-Tokman et al. 2018). Two further studies reported increases in functional diversity 
with restoration, but did not report the responses of any species diversity measures (Hedberg 
et al. 2013, Rumm et al. in press). D’Astous et al. (2013) reported increases in both species 20 
and functional diversity immediately after restoration, followed by a steady decline in both 
metrics over time. These results taken together point to a need to explore how aspects of 
study design may have contributed to generating such variability in the apparent contribution 
of restoration to functional diversity. Furthermore, the lack of a consistent and generalisable 




ecosystem functioning (Petchey and Gaston 2002) and key attribute of restoration success 
(McDonald et al. 2016), highlights the need for a comprehensive assessment of how 
restoration is performing in the reinstatement of functional diversity across taxa and 
ecosystems. 
 5 
In fact, it has been argued that “given the increasing availability of trait data, it would be 
useful to reanalyse published results to ask whether the traits of restored communities could 
have predicted their response to environmental conditions imposed by restoration treatments” 
(Laughlin 2014). Thus, an exciting opportunity to improve future restoration practice exists in 
conducting a global evaluation of the successfulness of previous restoration projects in 10 
recovering functional diversity. 
 
Broadly, the aim of my research is to understand whether restoration benefits functional 
diversity beyond the goal of simply improving species diversity. The following questions will 
be addressed: 1) Is there a general relationship between species diversity and functional 15 
diversity? i.e. can species diversity serve as a surrogate for functional diversity in restoration 
monitoring? 2) Does the observed relationship between species and functional diversity differ 
from what can be expected by chance alone? i.e. as species richness increases, do species 
tend to be increasingly similar or dissimilar in their traits? 3) Does restoration increase 
species diversity relative to degraded negative controls, and does any influence increase with 20 
time? 4) Does restoration increase functional diversity relative to negative controls, and does 
this effect change with time? 5) Does the effect of restoration on functional diversity exceed 
that expected by chance, given any effect of restoration on species richness? 6) Does the 




and is this change faster than in negative controls? 7) Are the above effects consistent across 
taxa and regions? 
 
To address these questions, I conducted a meta-analysis of previous restoration projects 
sourced from two meta-analyses that had recently been published when I commenced this 5 
research. I extracted data on species responses to restoration and matched these to publicly 
available trait data across a standardised set of categories. These traits allowed me to 
calculate indices of functional diversity, and to conduct new analyses on the influence of 








To source studies for this meta-analysis and constrain its scope, I took advantage of two 5 
recent meta-analyses of restoration impacts on communities available at the onset of this 
research (in early 2016). This approach served two purposes: First, it reduced any potential 
for me to introduce selection bias via my search criteria, inclusion of studies or delineation of 
timeframe for inclusion of studies. Second, by analysing studies that tested effects of 
restoration on species diversity and composition, rather than functional diversity, I avoided 10 
the potential for publication bias to lead to studies that only found a significant influence on 
functional diversity (even though this bias could have influenced changes in richness). By 
choosing studies with species lists and acquiring my own trait data to match, I was able to 
standardise that process in terms of the kinds of traits selected. This was therefore an analysis 
of raw data from a large global dataset, rather than a traditional meta-analysis of effect sizes 15 
from studies that already tested the same hypotheses as I do here. I then used studies that 
directly tested effects of restoration on functional diversity to validate my results (in the 
Discussion chapter), rather than as part of the analysis. 
 
The first of the meta-analyses that served as a data source was Curran et al. (2014), which 20 
examined how species richness and composition responded to passive and active restoration. 
According to this study, passive restoration “relates purely to the cessation of disturbance 
without any additional remedial human activity,” whereas active restoration “involves a 
‘guided recovery’ through targeted human interventions such as vegetation planting (e.g., 




reintroductions, and the storage and replacement of topsoil following surface mining.” Their 
search began by screening the references of a collection of previous quantitative reviews of 
restoration ecology and secondary growth literature, limited to studies therein with data 
available for a secondary growth habitat of known age as well as a comparable old growth 
habitat. In addition, searches were conducted in Google Scholar and ISI Web of Science, and 5 
personal correspondence made to authors of other potentially suitable studies published after 
1990. The final analyses of Curran et al. (2014) were conducted on data from 108 studies 
assembled across terrestrial biomes.  
 
The second source I used was a recent meta-analysis by Kail et al. (2015), which evaluated 10 
the effectiveness of restoration in freshwater systems. Their study included data from 64 
unpublished projects from three unpublished central European databases as well as 69 peer-
reviewed studies assembled via Web of Science and SCOPUS searches. For replicability and 
verifiability, only the data from published literature were included in my analyses. Their 
inclusion criteria ensured that retained studies were exclusively from lotic systems, included 15 
sufficient hydromorphological and quantitative biological data and stemmed from projects 
where the overall objective was restoration, rehabilitation or mitigation rather than 
conventional engineering or flood protection.  
 
Of the studies that comprised these two meta-analyses, datasets were included in my analyses 20 
conditional on their passing of the following selection criteria: (1) restoration activities (either 
passive or active) were intentionally implemented and measured in the study, as opposed to 
simply comparing between habitat types, (2) at least one unmanipulated (i.e. degraded) 
control site was included, against which to compare restored sites, (3) collated species lists 




functional diversity and (4) species presence or abundance data were provided for all 
individual sites across all sampling occurrences. Screening for the first criterion excluded 50 
datasets, for the second, 52, and for the third, 20. Of the remaining 55 datasets, site-level 
species lists were provided in seven of the original publications, so to meet the fourth 
criterion, authors of the remaining 48 datasets were contacted to obtain full site-level species 5 
lists. Seventeen datasets were subsequently excluded either when the authors notified me that 
the site-level data were not available or if no reply was received. Additionally, eight datasets 
were excluded for lack of replication (i.e. they sampled only two sites: one unmanipulated 
control site and one restored site). Site-level species data were obtained for the remaining 30 
datasets. Because one of my objectives was to make comparisons across taxa, I only included 10 
taxa that appeared in at least two datasets. Consequently, two studies were excluded before 
final analyses because the focal taxon studied was not addressed by any of the remaining 
studies. Details of all retained and excluded datasets are listed in Appendices A and C 
respectively. 
 15 
Thus, my final analyses were conducted on 28 studies (on the 30 datasets therein) including 
six taxa: ants, birds, fish, freshwater macroinvertebrates, plants (both terrestrial and 
freshwater) and reptiles (Figure 1). From here, I extracted data on species responses to 
restoration for these datasets, then found traits for those species. These traits were then used 
to calculate different measures of functional diversity for each site in each study. Details of 20 
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  Figure 1. Locations of restoration projects 
included in meta-analysis (shaded countries). 
For each continent, boxes show proportions 
of different realms and taxonomic groups of 
the datasets therein. n = the number of sites 




Data extraction and collection – species and site data 
 
I extracted site-level species lists and, where multiple taxonomic groups were sampled within 
a study, these data were separated by taxon. In the original publications, not all individuals 
were identified to species level; for simplicity, I will refer to all taxonomic entities from here 5 
on as ‘species,’ even if they were reported at a higher taxonomic level (though below I will 
describe how traits were assigned for these higher-level identifications). For one study, timed 
counts were reported (all other studies reported abundance or presence-absence data), so I 
took additional steps to address the inconsistent sampling effort across sites (as detailed for 
Aerts et al. (2008) in Appendix A). For each dataset I recorded study location, ecoregion 10 
(Palearctic, Indo-Malayan, Nearctic, Neotropical, Afrotropical or Australasian) and realm 
(terrestrial or freshwater), and classified restoration activities as either passive or active and 
controls as either positive or negative. Passive restoration was limited to cessation of past 
stressors such as grazing or agriculture and I defined active restoration as any intervention 
where sites were intentionally physically manipulated to accelerate recovery. Positive 15 
controls were reference sites that represent pristine or ‘best attainable’ conditions for a given 
dataset, and negative controls were unmanipulated degraded sites that were subjected to the 
same stressors from which restored sites had been liberated. Comparing restored sites against 
their respective negative controls ensures that any changes over time, in terms of species or 
functional diversity, can be partitioned into those which can be attributed directly to 20 
restoration efforts versus those arising from successional progression or regional (i.e. 





Additionally, study design was categorised for each dataset as either longitudinal (sites were 
repeatedly measured following restoration) or space-for-time (comparisons were made 
between sites of different times since restoration). Longitudinal studies also measured 
negative control sites through time alongside restored sites, whereas space-for-time studies 
compared the restored sites (of various times since restoration) with separate negative control 5 
sites. Time since restoration project initiation was recorded for each site (and for each 
sampling event per site, in longitudinal studies). In space-for-time studies, ages of restored 
sites were those reported in the original publication, and ages for the negative and positive 
control sites were recorded as 0 and NA respectively. This means that positive control sites 
from space-for-time studies were not included in tests of time since restoration effects, 10 
because they could not have any time attributed to them. Additionally, as degraded (negative 
control) sites in space-for-time studies cannot change over time, the effect of restoration age 
in models of space-for-time data is only able to be compared between active and passive 
restoration treatments, rather than against negative control sites (as is possible with 
longitudinal data). In longitudinal studies, restoration age was calculated from sampling dates 15 
in the raw data, and a mean value calculated if a range of values were provided. Sampling 
dates preceding restoration (i.e. where restoration age < 0) were excluded from analyses, 
because my hypotheses did not include time before restoration, and the negative controls 
effectively provided a ‘before’ treatment. 
 20 
Within each dataset, sites were blocked where necessary, for example if restored sites were 
paired with control sites and replicated across multiple separate streams. If, following the 
assignment of sites into blocks, it was discovered that a block within a dataset did not have a 
negative control site present, the sites within that block were excluded and analyses 




selection criterion that all comparisons (which in hierarchical designs occur within blocks) 
must include a negative control. I then sought trait data to match the taxa represented in all 
the 30 datasets of community responses to restoration. 
 
Data extraction and collection – trait data 5 
 
Preceding extraction of trait data, I determined six classes of traits with which to measure 
functional diversity, based on those that are demonstrably important for determining the 
responses of species to environmental differences and/or their contribution to ecosystem 
functioning: body dimension, reproduction, dispersal, phenology, habitat preference and 10 
feeding. 
 
Body size is correlated with a suite of physiological, metabolic and life-history traits 
(Woodward et al. 2005), and has been shown to be important for determining species 
responses to the environment and contributions to ecosystem processes (Larsen et al. 2005), 15 
as well as determining interactions among species (e.g. Eklöf et al. 2013) and in turn the 
stability of food webs (Emmerson and Raffaelli 2004). For this trait, I used measures of mass, 
body length, and height (in the case of plants), along with size of specific body parts (e.g. 
wings, tails) depending on data availability.  
 20 
Information about a species’ diet can reflect its contribution to important ecosystem functions 
such as seed dispersal and pollination (Şekercioğlu 2006) as well as decomposition (Botes et 




therefore is important for understanding competitive interactions in communities (Jackson et 
al. 2016). For my analyses, measures of this trait included dietary preference, feeding 
strategy, functional feeding group and autotrophy vs. heterotrophy in plants.  
 
Dispersal ability is fundamental in determining the likelihood of a species to recolonise a 5 
restored habitat, and pertains to the resilience potential of a species (Green 2003). It is also 
important in determining species distributions following disturbance (Moretti and Legg 
2009). For this trait, I included data on dispersal type, migratory status, recruitment strategy 
(for ants) and dispersal agent (for plants).  
 10 
Environmental preferences and abiotic limits determine the inhabitable range of a species, 
with the importance of these factors being increasingly pronounced in stressful environments 
(Normand et al. 2009). Abiotic factors interact with biotic factors to determine species 
coexistence (Holt 2009). Further, taxa with specific habitat requirements are often used as an 
indicator for environmental change (Moretti and Legg 2009). For this trait, I used a range of 15 
traits at different scales, from ecozone and biome to substrate preferences for foraging, as 
well as moisture tolerance (for plants). 
 
Phenology affects a species’ ability to complete its life cycle (Chuine 2010), and thus to 
persist in degraded sites or recover in restored sites. Particularly in light of altered 20 
temperatures and climate regimes, phenological traits can reveal how these changes may 
affect species interactions if responses are asynchronous between trophic groups (Cleland et 
al. 2007). For the purposes of my analyses, I utilised data on longevity and life cycle 





Traits pertaining to reproduction included breeding and spawning preferences, clutch size, 
population size of a mature ant colony and pollen vectors in the case of plants. Egg size and 
number of offspring are known to play important roles in fitness and survival (Parker and 
Begon 1986), and characteristics associated with reproduction can be associated with 5 
invasion metrics (i.e. the ability of a species to recolonise an area; Hayes and Barry 2008).  
 
These above classes were used as a basis for trait selection across taxa; all datasets 
incorporated into analyses included at least one trait from each of these classes to standardise 
information as much as possible across taxa, within data availability limitations. The only 10 
exceptions to this rule are the absence of a phenological trait for ant datasets and a dispersal 
trait for reptiles, as I was not able to acquire full trait information for these classes of these 
taxa. Where multiple traits were available for the same trait class, these traits were weighted 
such that each trait class was equally weighted (e.g. three different measures of body size 
would be each given a 1/3 weighting). 15 
 
In compiling trait data to match species lists, several sources were used. Where functional 
data were published alongside original species lists (2 datasets), these were included, 
provided they fitted into one of the six trait classes and were presented for all species 
sampled. Where these data were not available or were available for only some of the six 20 
required trait classes, trait data were acquired from online databases exclusively (11 datasets) 
or from these databases supplemented by identification guide books (20 datasets). Of the 30 
datasets included in this meta-analysis, I found sources of trait data for 28 of these, extracted 




Gaps that remained were sourced and extracted by research assistants. Details of the sources 
of trait data for each dataset are presented in Appendix B (see Tables S9 to S14). 
 
Searches for trait data were conducted firstly on the original published taxa lists and 
subsequently on lists including verified taxonomic synonyms of those species not found in 5 
initial searches. Some of my species data were only identified to higher taxonomic levels, 
such as Phylum, Order or Family, which would require some aggregation of traits to that 
level. By aggregating species-level trait data at each taxonomic level up to phylum and 
recalculating diversity indices at each stage, Mueller et al. (2013) reported significant losses 
of information when data were aggregated to Class or Phylum level; therefore I excluded taxa 10 
entries in original publications identified to higher than Order level. Although Mueller et al. 
(2013) tested taxonomic sufficiency in freshwater taxonomic groups exclusively, the issue of 
entries being identified to higher than Order level was limited to freshwater 
macroinvertebrate datasets, thus the majority of datasets were not affected. 
 15 
If trait data were not available for the resolution at which a taxonomic group was initially 
reported (e.g., the study identified organisms to species level, but traits could only be found 
for other species in the genus), trait searches were conducted within the best data source 
sequentially at higher resolutions as required (up to Order level). In these cases, trait data 
were estimated by taking a mean of all taxon entries common to the group of the missing 20 
entry. Following this, when multiple taxa had their traits estimated at the same, higher 
taxonomic level, the abundances of these entries were pooled, and their common trait data 
included only once in analyses. This is because the inclusion of an additional taxon where 




diversity (Paynter et al. 2012). Thus, analyses were conducted not on original site-level taxa 
lists but on the list of functionally unique taxa per site, as limited by trait data availability. 
Although it is possible that the inclusion of aggregated data could influence results, previous 
studies of ecological communities have found results to be robust to data resolution 
(Pakeman 2014), so I decided that the potential drawbacks of including these data were 5 
outweighed by the added benefits of their inclusion. Overall, 27.2% of total trait data were 
estimated at higher taxonomic levels, however the trait data shortcomings were more 
prominent in some taxonomic groups than others, particularly macroinvertebrates and reptiles 
(Table 1).  




Table 1. The resolution of trait data available for different taxonomic groups. For ants 
and macroinvertebrates, the ‘Total number of species’ refers to the number of species 
before aggregation, and ‘Species with estimated trait data’ refers to the number of 
species that were aggregated in analyses due to sharing trait data with at least one other 
species. The numbers in parentheses for these groups refer to the numbers of 5 
functionally unique species that remained following aggregation. Further details are 






estimated trait data 
Species with estimated 
trait data (%) 
Ants 118 26 (12) 22.0 
Birds 371 59 15.9 
Fish 202 3 1.5 
Macroinvertebrates 1048 472 (145) 45.0 
Plants 450 24 5.3 
Reptiles 28 18 39.1 
  
 10 
Functional diversity calculations 
 
All calculations and statistical analyses were conducted using R version 3.4.3 (R Core Team 
2013). I calculated functional diversity for each site from each dataset using the trait data 
acquired for the species in that dataset as follows. First, I computed Gower dissimilarity 15 
matrices between all species for each dataset using the daisy function in the cluster package 
(Maechler et al. 2017), and weighted traits such that each trait class was weighted equally 
even if it contained multiple measures of that trait. Gower dissimilarity matrices were my 
chosen distance measure primarily because they allow for traits to be weighted by class, as 
well as allowing the inclusion of mixed variable types (categorical and continuous). I then 20 
used the dbFD function in the FD package to calculate indices of functional diversity from 
the dissimilarity matrices (Laliberté et al. 2014). This function uses principal co-ordinates 




which to compute functional diversity (FD) measures, which are on the same scale within a 
dataset. I calculated three different indices of functional diversity – functional richness 
(FRic), functional evenness (FEve) and functional dispersion (FDis). Functional richness is 
measured as the convex hull volume of the community in trait space and represents the 
amount of functional space (i.e. the total range of traits) occupied by species in a community. 5 
Functional richness has been shown to contribute positively to ecosystem functioning and 
stability, as having a greater diversity of traits in a community both increases the partitioning 
of available resources (Cadotte et al. 2011) and can buffer ecosystems against changeable 
environmental conditions (Walker et al. 1999). Functional evenness measures the regularity 
with which species abundance is distributed in functional space, and has been used as an 10 
index for functional integrity, with a more even distribution of niches linked to greater 
response diversity and therefore greater resilience (Schriever et al. 2015). Finally, functional 
dispersion is the mean distance of individual species to the centroid of all species in the 
community, weighted by species relative abundances (Villéger et al. 2008, Laliberté and 
Legendre 2010). An increase in functional dispersion reflects an increase in niche 15 
differentiation and therefore lower competition for resources (Derhé et al. in press). 
 
In my calculation of FD indices, I standardised the calculation of functional richness such 
that it was constrained between 0 and 1. By default, this function corrects for the PCoA axes 
corresponding to negative eigenvalues that would bias FD estimations by taking a square root 20 
of the distances. In the instances where the species-by-species distance matrix could not be 
represented in Euclidean space, the correction approach described by Cailliez (1983) was 
applied, such that the smallest possible constant was added to all coefficients in order to 





Species diversity calculations 
 
In order to answer questions 1, 2, 3 and 5, species diversity measures were needed. Species 
richness values per site were taken as the number of species for which I had trait values, and 5 
species evenness was calculated as Pielou’s evenness (Pielou 1969) using the vegan package 
(Oksanen et al. 2018). Following this, I removed from all subsequent analysis any sites where 
less than four functionally unique species were measured, as this did not meet the minimum 
level required for FD measures to be calculated. 
 10 
Data analysis and design 
 
Due to differences in the respective assumptions that apply to the interpretation of results 
from space-for-time and longitudinal study designs (Pickett 1989), my final data were subset 
by study design in all analyses conducted separately thereafter. Universally across all models, 15 
dataset and block were included as nested random variables in that order: dataset to account 
for inherent differences between dataset locations and researchers, block to control for spatial 
autocorrelation within studies, when this existed. When there was no non-independence in the 
design of a study, all sites therein were treated as if in one block. Site was also nested within 
block for repeated sampling across years in the longitudinal designs. Space-for-time designs 20 
by definition do not include repeated sampling; therefore, site was not included as a random 
effect when evaluating these datasets. 
 
I conducted linear mixed effects models and generalised linear mixed models fit by the 




was used to estimate degrees of freedom and test hypotheses with Satterthwaite’s method of 
denominator synthesis (Kuznetsova et al. 2017). These models were used to test for effects of 
restoration treatment, restoration age (i.e. time since the restoration intervention began) and 
realm (and all two-way interactions) on species richness (Poisson error distribution), species 
evenness (gaussian error distribution) and all computed FD measures and z scores (gaussian 5 





For each of the models specified below, I first visually assessed data with gaussian errors for 
linearity and log-transformed variables where this improved linearity. After any required 
transformations had been conducted, I ran the maximal model with all possible combinations 
of random effects, including random slopes for the effect of treatment within either taxon or 
ecoregion. I then selected the combination yielding the lowest AIC as the best random 15 
structure. With this random structure, models were run with all possible subsets of fixed 
effects (and their interactions) and the best model selected based on the lowest AIC value. I 
tested best-fitting linear (i.e. gaussian) models for homogeneity of variances and normality 
based on residuals plotted using the ggplot2 package (Wickham 2009) and generalised 
models for overdispersion by calculating the sum of squared Pearson residuals and comparing 20 
it to the residual degrees of freedom. To correct for overdispersion, an observation-level 
random effect term was included in generalised linear mixed-effects models where necessary 





Additionally, in all analyses where species evenness was included as a predictor or a response 
variable, these were conducted after excluding the three studies where original site-level data 
were presence-absence only (rather than abundance or count data). However, models with 
functional evenness as a response variable (with predictors other than species evenness) did 
include these three studies, because changes to evenness in trait space can be attributed both 5 
to changes in the evenness of the distribution of abundance among species or changes in the 




To answer the broad question of how functional diversity responds to restoration, it was 
important to tease apart and test the relationships that may be driving this response. 
Specifically, an increase in functional diversity with restoration could be a direct response, or 
indirectly driven by an increase in species diversity, which in turn yields a proportionate 
increase in functional diversity by default.  15 
 
To distinguish between these possibilities, I first tested the relationship between functional 
diversity and species diversity (Question 1), supported by additional analyses where I used a 
null model to determine whether the relationship I observed differed from what would be 
expected by chance alone. Then, I tested the effect of restoration on species diversity. Finally, 20 
I assessed how restoration treatment affects functional diversity, and tested the robustness of 





After initially removing interactions and main effects during model selection, the next step 
was to collapse the factor levels of restoration such that active and passive were combined 
into one level (called ‘restored’) and compare the fit of the best models with and without 
collapsing. Of these, the model with the lowest AIC was used and is interpreted in the text. 
This did not apply when testing for the effect of species diversity on functional diversity 5 
(Question 1 below), as restoration was not included as a factor in these models. When factor 
levels were collapsed and data were space-for-time, it was not possible to test for a time by 
treatment interaction; as positive and negative controls are assumed to be unchanging over 
time in space-for-time substitutions. Thus, with actively and passively restored treatments 
collapsed together, there is no control temporal trend against which to compare that of the 10 
restored sites. Finally, in cases where there was a significant interaction effect between realm 
and either time or treatment, I tested whether the coefficient for the time or treatment effect in 
the non-intercept realm was significantly different from zero using a t-test. The above 
principles were applied throughout my analyses, and the models to test specific questions are 
described here: 15 
 
1) Is there a general relationship between species diversity and functional diversity? i.e. can 
species diversity serve as a surrogate for functional diversity in restoration monitoring? 
 
To assess the relationship between species diversity and functional diversity, I conducted 20 
linear mixed-effects models for each of FRic, FDis and FEve as response variables. Realm 
(freshwater vs. terrestrial), the respective measure of species diversity (richness for FRic and 
FDis and evenness for FEve) and their interaction were included as fixed effects in all 





2) Does the observed relationship between species and functional diversity differ from what 
can be expected by chance alone? i.e. as species richness increases, do species tend to be 
increasingly similar or dissimilar in their traits? 
 5 
Several of my focal questions involved tests of how functional diversity responded to 
restoration. However, after showing that functional diversity is related consistently to species 
diversity (Question 1), I was interested in whether any effects of restoration on FD were 
simply consequences of restoration increasing richness and higher richness being associated 
with higher FD. 10 
 
It could be expected a priori that more species-diverse communities will have greater 
diversity in traits (Mayfield et al. 2010). Therefore, to test how functional richness should 
increase at random based on the number of species, I calculated z-scores that measured how 
the observed functional richness values differed from random expectations (i.e. simulated 15 
values, see description below) per site, and modelled how these responded to realm, species 
richness and their interaction as predictors. If the relationship between species richness and z-
scores was significant and positive, it would suggest that increasing the number of species is 
associated with an expansion of niche space greater than could be expected by chance. 
Conversely, a negative relationship would suggest that increasing species richness does not 20 
expand niche space as much as expected at random, rather that subsequent species are 





Therefore, to distinguish whether observed changes in FRic were due entirely to changes in 
species richness, I used a simulation approach to determine how FRic would be expected to 
change at random with different numbers of species. The simulations iteratively drew species 
at random from the regional pool (i.e. all species in a study) to generate communities of fixed 
richness, and then calculated null FRic per random community, against which to compare my 5 
observed results. Here I treated as separate ‘sites’ each sample through time in the 
longitudinal studies. Each site by species matrix (one for each dataset) was randomised using 
the randomizeMatrix function in the Picante package (Kembel et al. 2010). This function 
shuffles values (i.e. 1s and 0s, for the presence/absence of species) within rows (sites) whilst 
holding species richness constant to the initial value of that site. FRic was then calculated for 10 
each of 100 iterations per site, to generate a null distribution of expected functional richness 
for each site, if the species in that site had been drawn at random from the species pool of the 
study. In all studies where abundance data were provided, site by species matrices were 
converted to binary before randomisation began. This is because it is difficult to objectively 
say how abundances should be shuffled in a way that produced a realistic abundance 15 
distribution of species (which would not be achieved by shuffling individuals at random 
across species). For its dependence on species abundances, I therefore did not conduct 
simulations for FEve, nor for FDis due to the lack of a direct species analog (i.e. FRic had 
species richness and FEve had species evenness).  
  20 
With the simulated data, I calculated z-scores per site for how observed FRic deviated from 
random expectation given the number of species in that site. These z-scores were calculated 
by subtracting the mean simulated value from the observed value per site and dividing this by 
the standard deviation of the simulated values. If some of the 100 iterations did not calculate 




calculated from the remaining iterations. This step was only necessary in three of 523 sites 
(or sampling events of a site, in the case of longitudinal data), and in all cases at least 84% of 
iterations successfully calculated a functional richness value. To test whether 100 iterations 
of the null simulation were sufficient, z-scores per site were calculated based on different 





Figure 2. Changes in z-scores with an increasing number of simulations in six randomly 
chosen sites (one per taxonomic group), up to and including the number of trials 








3) Does restoration increase species diversity relative to negative controls, and does this 
increase with time? 
 
To investigate the effect of restoration on species richness and evenness, I conducted Poisson 
generalised linear mixed-effects models and linear mixed-effects models respectively, with 5 
realm, restoration treatment and years since restoration (and all two-way interactions) as 
fixed effects in each maximal model.  
 
4) Does restoration increase functional diversity relative to negative controls, and does this 
effect change with time?  10 
 
After exploring the above relationships, the final step was to test for an effect of restoration 
on functional diversity. To do this, I conducted linear mixed-effects models with FRic, FEve 
and FDis as response variables and realm, restoration treatment and years since restoration 
(and all two-way interactions) as fixed effects in each maximal model.  15 
 
5) Does the effect of restoration on functional diversity exceed that expected by chance given 
species richness? 
 
Beyond expecting a priori that more species-diverse communities will have more diverse 20 
traits, it could be expected that the extent to which observed sites differ from random 
expectation (i.e. the extent to which greater-than-random redundancy or trait dissimilarity 
occur) differs across restoration treatments. Therefore, to test whether restoration affects 




the z-scores calculated from the observed and simulated values per site as the response 
variable (as in Question 2 above) and included realm, restoration treatment, years since 
restoration and all two-way interactions as predictors.  
 
6) Does the functional diversity of restored sites progress towards that of positive control 5 
sites over time, and is this change faster than in negative controls? 
 
To assess whether restored sites move away from the functional diversity of negative controls 
and toward that of positive control sites, I calculated FRicdist.from.positive, FEvedist.from.positive and 
FDisdist.from.positive by subtracting the respective FRic, FEve and FDis values away from the FD 10 
value of the corresponding positive control within each block. In cases where there were 
multiple positive control sites within a block, an average FD value was calculated and used 
thereafter. Analyses of these additional measures were limited to the subset of space-for-time 
studies (9 studies) that had positive controls within the same blocks as the restored and 
negative control sites. In this way, I can ask whether there exists a directed endpoint of 15 
functional diversity towards which communities converge, as would be expected based on the 
functional trait filtering observed by Fukami et al. (2005). Note that Question 7 (‘Are the 







It is important to note that in space-for-time data, the main effect of restoration treatment (i.e. 
differences among control, passive and active intercepts) cannot be meaningfully interpreted, 
as the intercept terms for restored sites are extrapolated beyond the scope of the data; all 5 
restored sites have restoration age >0. Therefore, the main effect of years since restoration in 
space-for-time studies is used as a proxy for the effect of restoration, with the caveat that this 
covariate could not be calculated for degraded (negative control) or pristine (positive control) 
sites (see Discussion for full explanation). 
 10 
1) Is there a general relationship between species diversity and functional diversity? i.e. can 
species diversity serve as a surrogate for functional diversity in restoration monitoring? 
 
Sites with higher species richness had significantly higher functional richness in longitudinal 
studies (t = 21.613, p < 0.0001; see Figures 3a and 6a), and a non-significant tendency toward 15 
higher functional richness in space-for time studies (t = 2.410, p = 0.0591; see Figure 3b and 
Table S16 in Appendix D). Longitudinal and space-for-time designs both showed significant 
positive relationships between species richness and functional dispersion (t = 2.408, p = 
0.0169; t = 6.197, p < 0.0001 respectively; see Figures 3c, 3d, 6a and 6c). The best-fitting 
models for FDis in both designs and for FRic in longitudinal studies had species richness log-20 
transformed, indicating that these relationships were saturating. 
 
In space-for-time studies, the relationship between species richness and functional richness 




model fit), whereas none of these random slopes were retained in the model using 
longitudinal data. Moreover, when testing for the relationship of species richness with 
functional richness and functional dispersion, taxon and ecoregion were removed as random 
effects in model selection, suggesting that the relationship between richness and both 
functional richness and dispersion were generally consistent across species, locations and 5 
biomes.  
 
In longitudinal studies, differences in species evenness across sites were not associated 
significantly with differences in the evenness of their distribution in functional trait space 
(Figure 3e; species evenness was removed in model selection). In contrast, in space-for-time 10 
data, terrestrial sites had significantly higher functional evenness with increasing species 
evenness (comparison of slope for effect of species evenness with zero: t = 2.841, p = 0.0049; 
see Figure 6d), however freshwater sites showed a non-significant tendency towards lower 
functional evenness with increasing species evenness (comparison of slope for effect of 
species evenness with zero: t = -1.927, p = 0.0572).  15 
 
Together, these results suggest that as communities increase in the number of species present, 
the volume of trait space occupied by that community increases. However, the rate at which 
trait space fills (i.e. the extent to which functional diversity increases in communities with 
more species) is saturating. In addition, species are on average more distant from the 20 
community average (i.e. the centroid in trait space) as richness increases, however this 
relationship is saturating; thus, traits become increasingly redundant at high richness (species 
richness was log-transformed in the best-fit models). It is not surprising that functional 
richness increases with species richness (it may even be an inevitable consequence of the way 




for interpreting the following questions. Lastly, having individuals distributed more evenly 
across different species in a community had inconsistent effects on the evenness of the 
distribution of individuals across species in terms of their functional traits. 
  Figure 3. The relationships between species richness and functional richness (a and b), species 
richness and functional dispersion (c and d) and species evenness and functional evenness (e 
and f). Data from longitudinal studies are shown in a, c and e; data from space-for-time studies 
are shown in b, d and f. Plotted values are the residuals having taken into account all random 
effects in each model (see Table S16 in Appendix D). In models for a, c and d, species richness 
was log-transformed for linearity. Predicted lines are shown, bounded by 95% confidence 






























2) Does the observed relationship between species and functional diversity differ from what 
can be expected by chance alone? i.e. as species richness increases, do species tend to be 
increasingly similar or dissimilar in their traits?  
 
The accumulation of functional richness with species richness did not differ from what could 5 
be expected at random (species richness was removed in model selection in both longitudinal 
and space-for-time studies). In space-for-time studies, z-scores for freshwater sites tended to 
be higher than the mean of the null distribution of expected z-scores (intercept estimate: 
0.4009), though in terrestrial sites z-scores tended to be lower (estimated mean z-score for 
terrestrial sites: -0.6981; see Table S17 in Appendix D). Although terrestrial sites were 10 
significantly lower than freshwater sites in terms of their z-scores (t = -3.718, p = 0.0003), the 
mean z-scores of both realms fell within the range of the null distribution that could have 
been expected by chance alone. Therefore, the level of functional richness observed in all 
cases is no different than what could be expected at random, given species richness. 
Additionally, there were many more terrestrial than freshwater studies with this design (242 15 
vs. 37 replicates, respectively), so inferences about this between-realm difference should be 
made with caution.  
 
3) Does restoration increase species diversity relative to negative controls, and does this 
increase with time? 20 
 
The data showed a significant positive relationship between years since restoration and 
species richness across study designs (longitudinal, z = 4.265, p < 0.0001; space-for-time, z = 




there was no significant interaction between restoration treatment and time since restoration 
began where this could be detected (longitudinal data: interaction term removed in model 
selection). Thus, the observed increase in species richness over time occurred in all 
treatments, i.e. in negative control sites as well as restored sites. The random effect for taxon 
was retained in the best-fitting models in space-for-time and longitudinal sites, with 5 
individual taxon intercepts varying from 2.832 to 3.467 and 1.989 to 2.995 respectively. In 
space-for-time sites, random slopes for restoration treatment across taxa were also retained, 
with birds in particular having large differences between active and passive restoration, 
whereas ants and macroinvertebrates showed smaller effects of restoration type. 
 10 
 
In longitudinal studies, passively restored sites were significantly richer in species than 
negative control sites at the onset of restoration (difference among treatments at intercept: z = 
2.078, p = 0.0378; Figure 6a). However, actively restored and positive control sites were not 
significantly different from negative control sites in their species richness (z = 0.825, p = 15 
0.4095; z = -0.647, p = 0.5175 respectively). In longitudinal studies, species richness was 
lower in terrestrial than freshwater sites (z = -2.607, p = 0.0091), but this difference 
diminished over time as terrestrial sites increased in richness more rapidly than freshwater 
sites with increasing time since restoration (realm  time interaction: z = 2.460, p = 0.0139). 
However, there were many more freshwater than terrestrial studies with this design (239 vs. 20 
18 replicates, respectively) and, in terms of treatment, a greater number of actively than 
passively restored sites (116 vs. 6 replicates, respectively), so inferences about these 





In space-for-time studies, actively restored terrestrial sites were significantly richer in species 
than terrestrial negative control sites (z = 3.769, p = 0.0002; Figure 6c), although this 
relationship was not observed in freshwater sites (comparison of fitted mean with zero: z = -
1.218, p = 0.2231), nor in the terrestrial sites that underwent passive restoration measures 
(terrestrial, comparison of fitted mean with zero: z = 0.568, p = 0.5703; no freshwater sites 5 
were passively restored). Additionally, space-for-time data showed a significant and positive 
interaction such that the benefits of active restoration were greater in the terrestrial realm 
(interaction: z = 6.705, p < 0.0001). In this design, the positive relationship of time with 
richness was driven by freshwater sites alone (terrestrial, comparison of fitted mean with 
zero: z = 0.749, p = 0.4538), and there was a significantly negative interaction such that the 10 
effect of time and the terrestrial realm were non-additive (z = -3.561, p = 0.0004). Although 
most studies comprising the space-for-time subset were conducted in the terrestrial realm 
(164 vs. 41 replicates, respectively), the high level of replication overall validates the 
robustness of these results, particularly the patterns observed in terrestrial datasets. 
 15 
Alongside increases in species richness through time, species evenness increased with years 
since restoration in both study designs (space-for-time, t = 2.840, p = 0.0051; longitudinal, t = 
3.105, p = 0.0028; see Figures 4a, 4b, 6b and 6d). However, restoration treatment and realm 
(including random slopes for the effect of restoration across realms) were removed as factors 
from models predicting species evenness in both study designs. Thus, the way in which 20 
species evenness increased over time was consistent across restored and control sites in 
freshwater and terrestrial realms in space-for-time and longitudinal studies. 
 
Overall, I found that over the course of the restoration programmes included in these datasets, 




and in the regularity of the distribution of individuals across these species (species evenness). 
In general, these relationships through time held for positive control, restored and negative 
control sites. Aside from the effect of time, there were some increases in richness in restored 
sites relative to negative control sites, but these were not consistent across restoration 
treatments, realms and study designs.  5 
 
4) Does restoration increase functional diversity relative to negative controls, and does this 
effect change with time?  
 
Echoing results found for species richness, I found a ubiquitous increase in functional 10 
richness and functional dispersion as time since restoration increased (space-for-time, FRic, t 
= 5.142, p < 0.0001; longitudinal, FRic, t = 3.050, p = 0.0026; space-for-time, FDis, t = 
2.076, p = 0.0411; longitudinal, FDis, t = 2.690, p = 0.0077; see Table S19 in Appendix D 
and Figures 5c, 5d, 5e, 5f, 6a and 6c). However, there was no significant interaction between 
restoration treatment and time since restoration began where this could be detected 15 
(longitudinal data: interaction term removed in model selection). Thus, the observed 
increases in functional richness and functional dispersion over time were observed all sites, 
including negative control sites. As with species richness, space-for-time data showed that 
freshwater sites increased in functional richness over time much more rapidly than terrestrial 
sites (realm  time interaction: t = -4.625, p = 0.0001), although at project initiation there was 20 
no significant difference between realms (realm main effect: t = -0.657, p = 0.5241).  
 
Model selection for functional richness in both longitudinal and space-for-time designs 
retained actively and passively restored as separate factor levels. In space-for-time studies, 




negative controls (t = -0.937, p = 0.5224), however, for terrestrial sites there was a significant 
positive interaction where the negative (but nonsignificant) main effects of active restoration 
and terrestrial realm on species richness were sub-additive (interaction: t = 3.607, p = 
0.0004). Additionally, in the space-for-time design, actively restored sites increased more 
slowly over time in terms of functional richness compared with passively restored sites 5 
(interaction: t = -2.338, p = 0.0212).  
 
The random effects for taxon and ecoregion were retained in the best-fitting model of 
functional richness in space-for-time sites, with individual taxon and ecoregion intercepts 
varying from 0.137 to 0.537 and 0.282 to 0.456 respectively. Random slopes for treatment 10 
across taxa and ecoregions were also retained, with plants and ants having particularly large 
differences between active and passive restoration, whereas fish and macroinvertebrates had 
smaller effects of restoration type. In terms of ecoregions, the largest differences between 
restoration types were in Indo-Malayan and Afrotropical sites and the smallest differences in 
the Nearctic and Neotropical sites. However, the replication of sites in these four realms were 15 
five, eight, two and 131, respectively, so any ecoregion-specific inferences should be made 
cautiously. 
 
In longitudinal studies, there were no significant differences in functional richness between 
actively restored or passively restored sites when compared with negative control sites (t = 20 
0.804, p = 0.4251; t = 0.473, p = 0.6377, respectively). Functional richness in longitudinal 
studies did not differ significantly between positive and negative freshwater control sites 
(comparison of control site fitted means: t = -0.160, p = 0.8734), though negative control sites 
were functionally richer than positive control sites when looking at terrestrial sites alone 




control sites in freshwater and terrestrial realms, replication in the latter was very low (37 vs. 
87 and 6 vs. 6 respectively), so caution must be taken when making inferences about realm-
specific differences between control treatments. 
 
In longitudinal studies, active and passive restoration were collapsed into a single factor level 5 
in model selection for functional dispersion. This model revealed that restored sites were 
significantly more functionally dispersed than negative control sites at project initiation (i.e. 
species in restored sites were on average significantly further away from the community trait 
centroid than species in negative control sites; t = 2.507, p = 0.0151; see Figure 6a). 
Additionally, the increase in functional dispersion over time was much more rapid in negative 10 
control than positive control sites (interaction: t = -2.620, p = 0.0107). In space-for-time 
studies, there were no significant differences in the distance of species from the community 
average in trait space (i.e. functional dispersion) between realms or restoration treatments 
(realm and restoration treatment were removed in model selection). 
 15 
Following the lack of change in species evenness following restoration, in both study designs 
I found no significant differences in functional evenness between restored and negative 
control sites or as time since restoration increased (Figures 4c and d; restoration treatment 
and years since restoration were removed in model selection). In space-for-time data, 
terrestrial sites tended to be more even in their distribution in trait space than freshwater sites, 20 
though strictly speaking this was not statistically significant (t = 2.177, p = 0.0504). 
 
Overall, space-for-time studies reported positive effects of restoration (i.e. years since 
restoration main effect) on functional richness and dispersion. In longitudinal data, restored 




however all sites (positive control, restored and negative control) improved over time both in 
terms of functional richness and dispersion. Finally, across all sites in both study designs, 
functional evenness did not change with restoration or time since restoration. 
  
Figure 4. The relationship between species evenness (a and b) and functional evenness (c and d) 
with years since restoration. Data from longitudinal studies are shown in a and c; data from 
space-for-time studies are shown in b and d.  Plotted values are the residuals having taken into 
account all random effects in each model (see Tables S18-19 in Appendix D). Predicted lines are 























Figure 5. The relationship between species richness (a and b), functional richness (c and d) and 
functional dispersion (e and f) with years since restoration in longitudinal and space-for-time 
studies. Data from longitudinal studies are shown in a, c and e; data from space-for-time studies 
are shown in b, d and f.  Plotted values are the residuals having taken into account all random 
effects in each model (see Tables S18-19 in Appendix D). Predicted lines are shown, bounded by 
95% confidence intervals, where significant relationships were found, and separated by treatment 
in graphs depicting models where this factor was significant. The model selection for e, active and 
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Figure 6. The relationships between species diversity and functional diversity measures, and the effects on both of restoration treatment and years 
since restoration. a) and b) present data from longitudinal studies; c) and d) present data from space-for-time studies. Dark grey solid arrows 
represent significant and positive relationships, dark grey dashed arrows represent non-significant relationships (where p > 0.05 but the variable 
was retained in model selection), and light grey arrows represent variables removed in model selection. In all cases, the effects of time and 
restoration were additive, not synergistic. Arrows depicting significant effects of restoration on diversity are coded by between which sites the 
restoration effects report a difference: AD = active vs. degraded; PD = passive vs. degraded; RD = restored (with active and passive collapsed into 
one factor level) vs. degraded. Where a ‘T’ is adjacent to an arrow, the relationship varied with taxon (taxon was retained as a random effect in 
model selection). In space-for-time studies, interpretation should focus on the time since restoration effect, rather than the main effect of restoration 




5) Does the effect of restoration on functional diversity exceed that expected by chance given 
species richness? 
 
Across restored, positive control and negative control sites, the observed level of functional 
richness did not differ from what could be expected at random; restoration treatment was 5 
removed as a predictor of z-scores (deviation of observed functional diversity from random, 
given the number of species) during model selection for both longitudinal and space-for-time 
studies. In space-for-time studies there was a non-significant tendency for the z-scores of 
terrestrial sites to be lower than those of freshwater sites (t = -2.747, p = 0.0909), and in both 
terrestrial and freshwater realms, z-scores tended to be lower than the mean of the null 10 
distribution (coefficient estimates of -0.7868 and -0.2710 respectively; see Table S20 in 
Appendix D). However, neither estimate fell near either tail of their respective null 
distributions, thus the level of functional richness observed reflected what could be expected 
by chance alone, given species richness, and irrespective of restoration. 
 15 
6) Does the functional diversity of restored sites progress towards that of positive control 
sites over time, and is this change faster than in negative controls? 
 
Over time, both restored and negative control sites progressed towards positive control sites 
in trait space with respect to all functional diversity measures tested (relationship between 20 
time since restoration began and: functional richness, t = -2.627, p = 0.0115; functional 
evenness, t = -2.390, p = 0.0181; functional dispersion, t = -3.216, p = 0.0016; see Figures 7a, 
b and c and Table S21 in Appendix D). This progression was observed for sites in both 




consistent across ecoregions and taxonomic groups (both random effects were removed in 
model selection). In testing functional richness in this context, taxon and ecoregion were 
retained as random effects, as were random slopes for the effect of treatment across these. 
However, treatment was removed in model selection, so the retained random slopes cannot be 
meaningfully interpreted. 5 
 
In exploring whether sites approached the functional dispersion of positive controls, the best-
fitting model retained actively and passively restored as distinct factor levels after model 
selection. Passively restored sites were significantly more distant than negative control sites 
from positive control sites in terms of functional dispersion (t = 5.492, p < 0.0001), though 10 
actively restored sites were not significantly more distant than negative control sites from 
positive control sites (t = 0.645, p = 0.5196).  
 
Taking the functional diversity of positive control sites as a yardstick for restoration, these 
results suggest that actively restored, passively restored and negative control sites progress 15 
over time; sites progress in how much trait space they occupy, how functionally even 





Figure 7. The distance of actively restored, passively restored and negative control sites from 
their respective positive control sites, with respect to functional richness (a), functional 
dispersion (b) and functional evenness (c) over time. Plotted values are the residuals having 
taken into account all random effects in each model (see Table S21 in Appendix D). Predicted 
lines are shown, bounded by 95% confidence intervals, where significant relationships were 



















































To the best of my knowledge, this research provides the first comprehensive global 
assessment of the effectiveness of prior restoration projects in the recovery of functional 
diversity. This meta-analysis incorporated information from 576 sites of 30 restoration 5 
projects representing six unique taxonomic groups conducted across six ecoregions, and 
results are based on functional trait data calculated for 1,875 species. Overall, restoration 
appears to be effective in space-for-time studies, with restored sites improving across 
multiple diversity measures over time. However, the lack of systematic improvements over 
time in richness or functional diversity following restoration in longitudinal studies, beyond 10 
that observed in negative control sites, contradicts a key assumption of space-for-time 
substitution: that the negative control sites would remain constant. This contradiction 
suggests that the positive results found in space-for-time data may be an artefact of the 
inability of the study design to control for regional changes across all sites. Further 
explanations are detailed below. 15 
 
Space-for-time data report positive effects of restoration on species and functional diversity, 
but caveats apply 
 
Of all sites included in my analyses, over half (56%) came from studies where space-for-time 20 
substitution was implemented in their study design. This technique has been used widely in 
ecological monitoring, for example in measuring community responses to invasion (Thomaz 
et al. 2012) and climate change (Blois et al. 2013). In substituting space for time, the critical 




components, such that sites differ only in age (Johnson and Miyanishi 2008), or in this case, 
time since restoration. Since the inception of this technique, concerns have continued to be 
raised about the appropriateness and validity of inferences about temporal changes in 
biodiversity and ecosystem processes based on chronosequence-based approximations of 
succession (Gleason 1927, Pickett 1989, Johnson and Miyanishi 2008).  5 
 
In light of this, for the purposes of my meta-analysis there are several key points to keep in 
mind to avoid making erroneous inferences from space-for-time studies. Firstly, the main 
effect terms for actively and passively restored sites as predictors of diversity measures 
represent deviations from control at the intercept (i.e. when years since restoration = 0). 10 
However, in this design all restored sites by definition have positive values for years since 
restoration, so the restoration-treatment intercepts have therefore been extrapolated beyond 
the scope of the data. Further, negative control sites – as a starting point in a recovery 
trajectory – are assumed to remain invariable over time (years since restoration was assigned 
as zero). If there was inherent variability in these sites over time, it was not possible to take 15 
this variability into account in models (Leps et al. 2016). This complicates the assignment of 
negative controls as a factor level for restoration treatment, because the state of negative 
control sites is supposed to represent the state of a site immediately prior to restoration. Given 
these inherent constraints of the design, in the interpretation of results I took diversity 
changes with time since restoration as a measure of the effects of restoration as a treatment, 20 
with the caveat that the temporal component of this variable can only apply to actively and 





In space-for-time studies, I found positive effects of restoration (i.e. significant main effects 
of years since restoration) on functional richness and functional dispersion, as well as on 
species richness, with the latter being also a significant predictor of the functional diversity 
metrics (see Figures 3b and d, 5b, d and f, and 6c). Restoration efforts also improved species 
evenness, but not functional evenness, and species evenness was not a significant predictor of 5 
functional evenness (Figures 3f, 4b and d, and 6d). Additionally, restoration positively 
affected sites in their progression towards positive control sites with respect to all functional 
diversity metrics. The positive intercept term of passively restored sites in terms of their 
distance from the functional dispersion of positive control sites (i.e. the functional dispersion 
of passively restored sites is lower than that of positive control sites), taken with the 10 
significant improvement over time, suggest that over time, sites with stressors removed will 
frequently improve unassisted, but that it is crucial that enough time be allowed for this 
process to unfold (Jones and Schmitz 2009). On average, passively restored sites in this meta-
analysis would have taken 43.3 years to reach the functional dispersion of positive control 
sites. This slow recovery is supported by recent work, where Wallace et al. (2017) reported a 15 
critical threshold where conditions became suitable for spontaneous regeneration 
approximately 20 years after initial restoration planting. In contrast, a global review of 78 
forest restoration assessments by Gatica-Saavedra et al. (2017) found that most investigators 
evaluated treatment effects for only 6 – 10 years after implementation, even though it has 
been highlighted that monitoring conditions in the later stages of restoration is just as 20 
important, because short-term data may be a poor predictor of succession trajectories and 
ecosystem responses in the long-term (Cortina et al. 2011). Of all data included in my meta-
analysis where sites were sampled repeatedly through time (i.e. longitudinal data), studies on 





Longitudinal data did not exhibit improvements in restored sites beyond changes exhibited by 
negative control sites 
 
In addressing longitudinal data, the caveats necessary in interpreting space-for-time data do 
not apply, as all sites (restored, negative control and positive control treatments) were 5 
sampled through time. Longitudinal data showed an almost unanimous improvement in 
diversity measures over time, such that for active and passive restoration treatments, as well 
as negative controls, sites became more diverse in terms of species richness, species 
evenness, functional richness and functional dispersion. Time elapsed since restoration began 
has been found to be a key driver of restoration success in previous work, including a recent 10 
meta-analysis of 221 study landscapes (Crouzeilles et al. 2016). Here, biodiversity was 
quantified as the abundance, richness, diversity and similarity of species, without any 
reference to functional diversity. Additionally, my model selection retained the interaction 
between years since restoration and restoration treatment (with active and passive levels 
collapsed) in predicting functional dispersion in longitudinal data, though this interaction was 15 
not significant. This indicates that negative control sites improved through time, but at a rate 
that did not differ significantly from that of restored sites. This suggests that temporal 
invariability of negative control sites (as assumed in space-for-time substitution) is a false 
assumption, and that the positive effect of restoration on various measures of diversity in 
space-for-time designs may have been an artefact of this assumption.  20 
 
Beyond the effect of time, the only observed difference between restored and negative control 
sites in my analyses was in terms of functional dispersion at the time of project initiation (i.e. 




systematically improve richness or functional diversity in the studies that were best able to 
detect an effect (i.e. longitudinal studies). The lack of significant difference between restored 
and negative control sites over time is surprising and perhaps counterintuitive: my 
hypothesised positive relationship aligned with previous assessments of restoration success 
rates in terms of biodiversity (Benayas et al. 2009). Both Kail et al. (2015) and Curran et al. 5 
(2014) reported increases in richness attributed to restoration, though in the former, site age 
was the most important factor and in the latter the authors stressed the substantial uncertainty 
and time lags associated with this result. Furthermore, neither of these meta-analyses 
distinguished space-for-time from longitudinal designs, and the influence of space-for-time 
studies might have underpinned their conclusions. 10 
 
Of the recently published studies where functional diversity was measured directly following 
restoration, irrespective of whether they found a positive effect of restoration on species 
diversity (Tullos et al. 2009, Díaz-García et al. 2017), functional diversity (Modiba et al. 
2017, Derhé et al. in press), both (Qin et al. 2016, Rocha-Ortega et al. 2018) or neither 15 
(Audino et al. 2014, González-Tokman et al. 2018), all studies either 1) lacked negative 
controls with which to compare all restored sites, 2) only compared positive and negative 
controls with restored sites of unspecified age at one point in time or 3) used space-for-time 
substitution in their study design. The only study calculating functional diversity following 
restoration that was measured through time (i.e. longitudinal data) found initial increases in 20 
functional diversity beyond levels of negative controls, but these were followed by sustained 
decreases in functional diversity over the remainder of the project (D’Astous et al. 2013). 
These findings contextualise my results, whereby the positive results detected may in fact be 




difference (i.e. replicated longitudinal data) did not find sustained benefits of restoration for 
functional diversity.  
 
Other factors may impede restoration gains 
 5 
Based on the above findings, it appears that factors unaccounted for by restoration studies are 
playing a crucial role in determining the functional diversity levels measured across all sites. 
That is, the lack of improvements in restored sites beyond those seen in unmanipulated 
control sites over time (in longitudinal studies) may be due to regional effects overshadowing 
any localised efforts. There are many non-mutually-exclusive factors that have been shown to 10 
influence patterns of diversity. These include spatial composition of patches (Bovo et al. in 
press), quality of the regional species pool (Sundermann et al. 2011), connectivity (Winking 
et al. 2014), and species’ perception of and response to the surrounding landscape (Dias et al. 
2016), as well as other catchment- or landscape-scale processes (Leps et al. 2016). Beyond 
this, it may be necessary to reinstate natural disturbance regimes (Fuhlendorf et al. 2009). 15 
Recognition of legacies of past land-use may also be required, where abiotic-biotic feedbacks 
may foil restoration efforts, such that prior degradation of a site determines the community 
trajectory (Suding 2011). Beyond these factors, the specific techniques employed in 
restoration (beyond the coarse classification of ‘active’ vs. ‘passive’) are pivotal in 
determining outcomes. For example, increasing habitat heterogeneity is widely employed in 20 
freshwater restoration, and in many of the freshwater studies in my meta-analysis, this was 
achieved via re-meandering or addition of physical structures (see Appendix A). However, 
Palmer et al. (2010) found that heterogeneity was relatively unimportant in determining 




relationship between heterogeneity and biodiversity. Therefore, in order to yield successful 
restoration outcomes, it is important to consider the abiotic and biotic context of the study 
site, at the local as well as regional scale, and the availability of biodiversity (Tscharntke et 
al. 2012). 
 5 
In general, active restoration measures were no better than passive restoration 
 
As restoration techniques are being scrutinised for their effectiveness (or lack thereof) in 
meeting restoration targets, a key trend emerging from recent literature is the emphasis on 
passive restoration (i.e. natural regeneration) as the potential best way forward in terms of 10 
restoration, with particular evidence from tropical forest systems (Crouzeilles et al. 2017, 
Meli et al. 2017, Jones et al. 2018). Crouzeilles et al. (2017) conducted a meta-analysis of 
133 studies and demonstrated that restoration success (in terms of biodiversity) was up to 
56% higher in naturally regenerated than actively restored systems, and Meli et al. (2017) in 
166 studies of actively and passively restoring forests showed that cessation of land use alone 15 
was generally enough to enable forest recovery. Not only did the longitudinal studies I 
analysed report species richness as best improved by passive restoration, I found a benefit 
also for functional richness, which increased more rapidly through time in passively restored 
than in actively restored sites in space-for-time studies. Although more technical measures 
may be necessary in cases of highly stressed or highly productive environments (Prach and 20 
Hobbs 2008), in general passive measures are advocated in the restoration of degraded sites, 
and have been proven to be more cost-effective than active restoration (Birch et al. 2010). 
This cost-effectiveness is not a reflection of a resounding failure of active restoration, but 




benefits, without incurring the costs (both labour and capital) necessary for active restoration. 
These indications notwithstanding, the results I found that support passive restoration should 
be interpreted with caution, due to low number of passively restored sites in longitudinal data 
and previously explained caveats associated with space-for-time data. Nevertheless, the 
unexpected lack of evidence for passive restoration being outperformed by active restoration 5 
in the studies I addressed supports the emphasis of passive restoration as an avenue with 
potential for success. 
 
Species-based measures may be sufficient proxies for functional diversity 
 10 
In those individual studies where richness did improve considerably with restoration, this 
would likely improve functional diversity also, because the two were generally positively 
related across all studies and designs. Further, the reported levels of functional richness were 
not significantly different from what could be expected if communities of species were 
assembled at random. In fact, across all studies, only 7.8% of sites (longitudinal and space-15 
for-time together) fell outside the bounds of 95% of the null distribution, which would 
indicate that their functional diversity differed from random expectation. Of these 41 sites 
falling outside the 95% bounds, in most cases (75%) functional diversity was higher than 
random. Thus, not only was species richness in general an acceptable proxy for measuring 
changes in functional richness (Petchey and Gaston 2002), but knowing the level of species 20 
richness in most cases successfully predicted the functional richness of a site, irrespective of 
realm or treatment. Further, I did not find any strong evidence that trait occupancy was 
limited by habitat filtering (Keddy 1992, Mouillot et al. 2007), but in a minority of sites there 




differentiation to reduce competition (MacArthur and Levins 1967, Kraft et al. 2008). These 
sites were scattered randomly across the dataset, without any obvious pattern in terms of 
study design, taxonomic group, restoration treatment or realm. As a caveat to this 
interpretation, it is also possible that habitat filtering could have occurred equally across all 
sites (including controls), because my null model only drew species that were sampled in any 5 
of the sites within a study, rather than from the entire regional species pool. 
 
Contrary to findings for functional richness and functional dispersion, functional evenness 
was only found to increase with species evenness in space-for-time, but not in longitudinal 
studies, and did not increase with restoration treatment or time since restoration. Lower 10 
functional evenness may correspond to the underutilisation of niches, and suggests lower 
response diversity (Schriever et al. 2015), where in general a greater diversity in traits 
represents stronger effects on ecosystem functioning (Dı́az and Cabido 2001). Interestingly, 
previous work has also found a negative relationship between functional evenness and 
ecosystem functioning, where ecosystem functioning was higher when functional evenness 15 
was low (Gagic et al. 2015). This would suggest that for some ecosystem functions, the 
presence of a few dominant species may be enough to provide the functional diversity 
necessary to deliver that function (e.g. primary production; Loreau et al. 2001) though this 
dominance may come at a cost of reduced persistence of other species in the community 
(Rohr et al. 2016). However, the positive but saturating relationships of functional richness 20 
and functional dispersion with species richness align with the current biodiversity-ecosystem 
functioning literature (Hooper et al. 2005), wherein functioning saturates at high diversity, 
but functionally diverse communities provide redundancy that promotes resilience. In the 
context of restoration, this suggests that the contribution of additional species to the 




size and traits of the existing species pool (i.e. where the site is in relation to the level of 




In studies of functional diversity, results are influenced by the number and type of functional 
traits included in analyses (Petchey and Gaston 2006, Cadotte et al. 2011). Although I took 
steps to standardise the acquisition and use of trait data, given the estimation and aggregation 
that was conducted out of necessity, it is important to acknowledge the caveats to my chosen 
approach. Firstly, species can adopt different life-history strategies throughout their life cycle 10 
(e.g. macroinvertebrates; Prather et al. 2008); without data on the age or life stage of the 
species extracted from my 30 datasets, it may be possible that the trait data I assigned to 
species are not representative of the exact functional role of a given species at the time of 
sampling. The way in which functional traits are measured in the field is also important 
(Lavorel et al. 2008), however, as I compiled these data from published literature and 15 
databases, I could not control for any consequences of trait measurement. Nevertheless, these 
caveats would only influence my findings if there were a systematic difference in life stage 
representation or use of methods across sites of different restoration treatments or ages. As a 
further caveat, Verberk et al. (2013) highlighted that a species’ success in an environment is 
controlled by many interacting traits, such that the adaptive value of any particular trait may 20 
differ across species. As I have calculated functional diversity metrics based on multiple traits 
from different trait classes, this is less of a concern than if my results were based on metrics 
quantified from single traits alone. Finally, Roscher et al. (in press) highlighted the 




their traits based on the surrounding community, such that the functional diversity of a full 
community differs from the sum of each species therein if grown in monoculture. It is 
important, therefore, to consider the potential within-species trait variation that was not 
accounted for in my analyses. 
 5 
In the null models I constructed, sets of species were drawn at random for each level of 
species richness (see ‘Model structure’ in Methods). However, in real conditions as a site 
increases in species richness, the set of species contained is constrained by the species 
formerly present, such that the differences between samples of the same site over time are 
non-random. In light of this temporal autocorrelation, the results of my null models of 10 
longitudinal data should be interpreted with caution. In space-for-time data, however, each 
site has in fact had the potential for a distinct community trajectory (i.e. older sites are not 
direct descendants of younger sites), so the results of the null models are more applicable.  
 
Despite the strengths of meta-analyses in synthesising research, there are also limitations to 15 
the meta-analytic approach that need to be considered. Gurevitch and Hedges (1999) 
identified four significant limitations: incomplete data reporting, potential for non-
independence among effect-size estimates, publication bias, and research bias. By utilising 
raw species data from the published studies, and conducting primary analysis on these rather 
than effect sizes, I removed any potential for non-independence among effect-size estimates. 20 
I minimised publication bias by utilising the papers contained within two recently published 
meta-analyses (i.e. following their selection criteria), rather than conducting my own searches 
for publications on functional diversity per se. Both Kail et al. (2015) and Curran et al. (2014) 




removed the possibility of my selected literature being an artefact of my research question. 
However, both meta-analyses I used as sources quantified metrics of species diversity after 
restoration, so the potential for bias should be kept in mind when making inferences from the 
results of Question 3 which addressed species diversity.  
 5 
Implications for future restoration practice 
 
As restoration often focuses on the maintenance of biodiversity and ecosystem functioning, 
and how these progress through time, there is much to be learned from restoration about the 
assembly of communities (Wainwright et al. 2018). Four key concepts in community 10 
assembly were outlined in Mayfield et al. (2010): 1) species pool, 2) environmental filters, 3) 
competitive exclusion and 4) functional redundancy. I found that, in the majority of sites, 
functional richness was no different than what could be expected by chance alone given 
species richness, which suggests that environmental filters were not constraining the recovery 
of diversity following restoration, and there was relatively little evidence of competition for 15 
niche space. The saturating relationships of functional richness and dispersion with increasing 
species richness demonstrate a pattern of functional redundancy, and this was true across 
restored and control sites. Finally, without contextual data for each study included in this 
meta-analysis, it was not possible to assess the extent to which the surrounding species pool 
was contributing to the diversity of restored sites. However, the lack of difference between 20 
restored sites and unmanipulated negative controls through time in longitudinal studies 
suggests that the contribution of regional processes may be substantial, both in determining 





A widely advocated goal of restoration is to yield ecosystems that have adaptive capacity in 
light of future environmental change (Suding 2011). In this context, promoting resilience is 
beneficial, and the saturating increase in functional richness with species richness observed in 
my longitudinal studies implies a level of functional redundancy (i.e. a resilience against 
perturbation). However, resilience can be as much or even greater in systems with low 5 
diversity compared with high diversity systems (Suding et al. 2004); in fact, in the context of 
coral reefs it has been argued that degradation increases resilience to climate change, as the 
species still present despite the degraded conditions may be more able to tolerate further 
perturbations (Côté and Darling 2010). In surveying riparian vegetation after restoration, 
Bauer et al. (in press) reported the presence of a ‘restoration threshold,’ such that plant 10 
communities were resilient to and buffered from restoration efforts. This negative resilience 
requires a greater change in environmental conditions than the pathway of degradation it 
previously followed in order to yield gains for biodiversity and functioning (Suding and 
Hobbs 2009). This has important implications in the context of restoration, as negative 
resilience could play a role in hindering the improvements in biodiversity that were 15 
hypothesised, and therefore should be considered in the creation and assessment of 
restoration project goals. 
 
In assigning and promoting restoration goals, it is important to acknowledge that the 
importance of restoration extends beyond a purely ecological context; in fact, it is often the 20 
socio-economic landscape of restoration that determines the distribution of resources toward 
restoration (Stanford et al. 2018). It is important to ensure that restored efforts are distributed 
according to ecological need, whilst as much as possible acknowledging the potential for 
disparity in the distribution of restoration benefits within society. In this way, there may be a 




framework (Bullock et al. 2011). Conflicting goals are likely to lead to challenges in agreeing 
on the criteria upon which judgement of success should be based (Palmer et al. 2005), which 
could hinder the ability to obtain mutually beneficial outcomes from restoration. 
 
Beyond the assignment of goals for restoration, it is pivotal that post-implementation 5 
monitoring be conducted in such a way that the data collected are sufficient to detect whether 
current efforts will meet assigned goals, and if necessary, make changes to ensure that criteria 
are met. The observed changes in negative control sites along with restored sites over time 
support the need for long-term monitoring, and suggest that prematurely assessing the 
effectiveness of restoration may lead to conclusions unrepresentative of site conditions to 10 
come. This has implications for applications such as biodiversity offsetting (Curran et al. 
2014), where the destruction of biodiversity in one area is justified by the restoration of an 
‘ecologically equivalent’ area. With particular reference to the positive effects of restoration I 
found, which may in essence be artefacts of the space-for-time study design, insufficient data 
of offset restoration outcomes may result in net losses of biodiversity, particularly if the 15 
uncertainty of outcomes (i.e. the likelihood of success) fails to be incorporated into decision-
making (Moilanen et al. 2009). Further, for the restoration offset to achieve no net loss of 
biodiversity, it needs to replace not only the number of species, but the interactions and 
ecosystem functions lost in development (Walker et al. 2009). Although the gains in species 
richness with restoration in individual studies I analysed were likely to be associated with 20 
improvements in functional diversity, quantifying the recovery of specific ecological 
interactions and functions is more intensive and challenging than simply measuring species 
richness, reiterating that the data collected must be sufficient to track and assess the recovery 





Where it was possible to quantify how positive control sites compared with negative control 
sites, no differences were found. This suggests that there are other characteristics of these 
distinct ecosystems – factors that determine their pristineness or degradedness – that aren’t 
being captured by the quantification of species and functional diversity alone. This supports a 5 
multi-faceted approach to the monitoring and ongoing management of restoring ecosystems, 
including assessment of abiotic conditions beyond strictly biotic measures alone (Rubin et al. 
2017). It may also be necessary to explore trajectories of functional composition following 
restoration, as diversity may remain constant despite a shift to a new functional state 
(Boersma et al. 2016). 10 
 
There is an urgent need for scientists and practitioners alike to understand how and if 
restoration efforts can reinstate biodiversity, including functional diversity, and to apply this 
knowledge to efficiently and effectively allocate resources to promote actual realised gains. 
By extending previous work that addressed richness-based measures alone, I showed that 15 
restoration efforts were generally ineffective in improving functional diversity beyond levels 
observed in unmanipulated degraded sites. This result stresses the indispensability of 
including negative controls in ongoing monitoring to correctly partition the consequences of 
restoration efforts from unassisted temporal changes.  
 20 
Beyond this, further research should be directed to improving data quality for less developed 
regions, as it was for these areas that trait data were most difficult to obtain. This finding 




restoration take place compared with the areas where such investigations should be 
prioritised, given observed rates of change (Gatica-Saavedra et al. 2017).  
 
To some extent, “restoration will always be a gamble” (Suding 2011). The inability of 
restoration to improve functional diversity beyond that of degraded negative control sites 5 
supports recent conclusions that restoration alone should not be considered a substitute for 
conservation (Jones et al. 2018). However, improvements in functional diversity across all 
sites through time offer hope that restoration efforts need not be complicated or expensive; 
rather, the most effective restoration strategy in many cases may simply be to remove 
stressors such as agriculture and let ecosystems repair themselves (Jones et al. 2018). The 10 
lower cost of this approach may even allow a greater area to be restored for a given 
availability of resources. Thus, although restoration alone may not succeed in fully meeting 
conservation targets, by harnessing restoration as one of multiple complementary 
management tools, scientists and practitioners together could successfully stymie biodiversity 







Abbott, I., T. Burbidge, K. Strehlow, A. Mellican, and A. Wills. 2003. Logging and burning 
impacts on cockroaches, crickets and grasshoppers, and spiders in Jarrah forest, 
Western Australia. Forest Ecology and Management 174:383-399. 5 
Aerts, R., F. Lerouge, E. November, L. Lens, M. Hermy, and B. Muys. 2008. Land 
rehabilitation and the conservation of birds in a degraded Afromontane landscape in 
northern Ethiopia. Biodiversity and Conservation 17:53-69. 
Aidar, M. P., J. R. L. d. Godoy, J. Bergmann, and C. A. Joly. 2001. Atlantic Forest 
succession over calcareous soil, Parque Estadual Turístico do Alto Ribeira-PETAR, 10 
SP. Brazilian Journal of Botany 24:455-469. 
Albertson, L. K., B. J. Cardinale, S. C. Zeug, L. R. Harrison, H. S. Lenihan, and M. A. 
Wydzga. 2011. Impacts of channel reconstruction on invertebrate assemblages in a 
restored river. Restoration Ecology 19:627-638. 
Andersen, A. N. 1993. Ants as indicators of restoration success at a uranium mine in tropical 15 
Australia. Restoration Ecology 1:156-167. 
Andersen, A. N., J. A. Ludwig, L. M. Lowe, and D. Rentz. 2001. Grasshopper biodiversity 
and bioindicators in Australian tropical savannas: responses to disturbance in Kakadu 
National Park. Austral Ecology 26:213-222. 
Andersen, D. C., and S. M. Nelson. 1999. Rodent use of anthropogenic and ‘natural’ desert 20 
riparian habitat, lower Colorado River, Arizona. River Research and Applications 
15:377-393. 
Andrade, G. I., and H. Rubio‐Torgler. 1994. Sustainable Use of the Tropical Rain Forest: 
Evidence from the Avifauna in a Shifting‐Cultivation Habitat Mosaic in the 
Colombian Amazon. Conservation Biology 8:545-554. 25 
Aravena, J. C., M. R. Carmona, C. A. Pérez, and J. J. Armesto. 2002. Changes in tree species 
richness, stand structure and soil properties in a successional chronosequence in 
northern Chiloé Island, Chile. Revista Chilena de Historia Natural 75:339-360. 
Ash, J., and J. Atkins. 2010. Birds of Ethiopia and Eritrea: an atlas of distribution. 
Bloomsbury Publishing, London. 30 
Audino, L. D., J. Louzada, and L. Comita. 2014. Dung beetles as indicators of tropical forest 
restoration success: Is it possible to recover species and functional diversity? 
Biological Conservation 169:248-257. 
Avery, E. 1996. Evaluations of sediment traps and artificial gravel riffles constructed to 
improve reproduction of trout in three Wisconsin streams. North American Journal of 35 
Fisheries Management 16:282-293. 
Baattrup‐Pedersen, A., T. Riis, H. O. Hansen, and N. Friberg. 2000. Restoration of a Danish 
headwater stream: short‐term changes in plant species abundance and composition. 
Aquatic Conservation: Marine and Freshwater Ecosystems 10:13-23. 
Baldigo, B. P., and D. Warren. 2008. Detecting the response of fish assemblages to stream 40 
restoration: effects of different sampling designs. North American Journal of Fisheries 
Management 28:919-934. 
Barlow, J., T. A. Gardner, I. S. Araujo, T. C. Ávila-Pires, A. B. Bonaldo, J. E. Costa, M. C. 
Esposito, L. V. Ferreira, J. Hawes, and M. I. Hernandez. 2007a. Quantifying the 
biodiversity value of tropical primary, secondary, and plantation forests. Proceedings 45 




Barlow, J., W. L. Overal, I. S. Araujo, T. A. Gardner, and C. A. Peres. 2007b. The value of 
primary, secondary and plantation forests for fruit‐feeding butterflies in the Brazilian 
Amazon. Journal of Applied Ecology 44:1001-1012. 
Bates, D., M. Mächler, B. Bolker, and S. Walker. 2014. Fitting linear mixed-effects models 
using lme4. Journal of Statistical Software 67:1-48. 5 
Bauer, M., R. Harzer, K. Strobl, and J. Kollmann. in press. Resilience of riparian vegetation 
after restoration measures on River Inn. River Research and Applications. 
Beckers, R., S. Goss, J.-L. Deneubourg, and J.-M. Pasteels. 1989. Colony size, 
communication, and ant foraging strategy. Psyche 96:239-256. 
Benayas, J. M. R., A. C. Newton, A. Diaz, and J. M. Bullock. 2009. Enhancement of 10 
biodiversity and ecosystem services by ecological restoration: a meta-analysis. 
Science 325:1121-1124. 
Bihn, J. H., M. Verhaagh, M. Brändle, and R. Brandl. 2008. Do secondary forests act as 
refuges for old growth forest animals? Recovery of ant diversity in the Atlantic forest 
of Brazil. Biological Conservation 141:733-743. 15 
Birch, J. C., A. C. Newton, C. A. Aquino, E. Cantarello, C. Echeverría, T. Kitzberger, I. 
Schiappacasse, and N. T. Garavito. 2010. Cost-effectiveness of dryland forest 
restoration evaluated by spatial analysis of ecosystem services. Proceedings of the 
National Academy of Sciences 107:21925-21930. 
BirdLife International. 2017. IUCN Red List for birds (available at 20 
http://datazone.birdlife.org/home). BirdLife International. 
Bis, B., and P. Usseglio-Polatera. 2004. Species Trait Analysis. STAR deliverable N2 to the 
European Commission. Available at www.eu-star.at/pdf/Deliverable_N2.pdf. 
Blake, J. G., and B. A. Loiselle. 2001. Bird assemblages in second-growth and old-growth 
forests, Costa Rica: perspectives from mist nets and point counts. The Auk 118:304-25 
326. 
Blois, J. L., J. W. Williams, M. C. Fitzpatrick, S. T. Jackson, and S. Ferrier. 2013. Space can 
substitute for time in predicting climate-change effects on biodiversity. Proceedings 
of the National Academy of Sciences 110:9374-9379. 
Bobo, K. S., M. Waltert, H. Fermon, J. Njokagbor, and M. Mühlenberg. 2006. From Forest to 30 
Ffarmland: Butterfly Diversity and Habitat Associations Along a Gradient of Forest 
Conversion in Southwestern Cameroon. Journal of Insect Conservation 10:29-42. 
Boersma, K. S., L. E. Dee, S. J. Miller, M. T. Bogan, D. A. Lytle, and A. I. Gitelman. 2016. 
Linking multidimensional functional diversity to quantitative methods: a graphical 
hypothesis‐evaluation framework. Ecology 97:583-593. 35 
Bond, N., and P. Lake. 2005. Ecological Restoration and Large‐Scale Ecological 
Disturbance: The Effects of Drought on the Response by Fish to a Habitat Restoration 
Experiment. Restoration Ecology 13:39-48. 
Botes, A., M. A. McGeoch, and B. J. van Rensburg. 2006. Elephant- and human-induced 
changes to dung beetle (Coleoptera: Scarabaeidae) assemblages in the Maputaland 40 
Centre of Endemism. Biological Conservation 130:573-583. 
Bovo, A. A. A., K. M. P. M. B. Ferraz, M. Magioli, E. R. Alexandrino, É. Hasui, M. C. 
Ribeiro, and J. A. Tobias. in press. Habitat fragmentation narrows the distribution of 
avian functional traits associated with seed dispersal in tropical forest. Perspectives in 
Ecology and Conservation. 45 
Bowen, M. E., C. A. McAlpine, L. M. Seabrook, A. P. House, and G. C. Smith. 2009. The 
age and amount of regrowth forest in fragmented brigalow landscapes are both 




Bowman, D., J. Woinarski, D. Sands, A. Wells, and V. McShane. 1990. Slash-and-burn 
agriculture in the wet coastal lowlands of Papua New Guinea: response of birds, 
butterflies and reptiles. Journal of Biogeography 17:227-239. 
Bradford, M. J., P. S. Higgins, J. Korman, and J. Sneep. 2011. Test of an environmental flow 
release in a British Columbia river: does more water mean more fish? Freshwater 5 
Biology 56:2119-2134. 
Bragagnolo, C., A. A. Nogueira, R. Pinto-da-Rocha, and R. Pardini. 2007. Harvestmen in an 
Atlantic forest fragmented landscape: evaluating assemblage response to habitat 
quality and quantity. Biological Conservation 139:389-400. 
Brooks, A. P., T. Howell, T. B. Abbe, and A. H. Arthington. 2006. Confronting hysteresis: 10 
wood based river rehabilitation in highly altered riverine landscapes of south-eastern 
Australia. Geomorphology 79:395-422. 
Brooks, D. R., and D. A. McLennan. 2012. The nature of diversity: an evolutionary voyage 
of discovery. University of Chicago Press, Chicago. 
Brooks, S. S., M. A. Palmer, B. J. Cardinale, C. M. Swan, and S. Ribblett. 2002. Assessing 15 
stream ecosystem rehabilitation: limitations of community structure data. Restoration 
Ecology 10:156-168. 
Brown Jr, W. L., and W. W. Kempf. 1969. A revision of the Neotropical Dacetine ant genus 
Acanthognathus (Hymenoptera: Formicidae). Psyche 76:87-109. 
Brown, L. H., K. Newman, and E. K. Urban. 1982. The Birds of Africa. Academic Press, 20 
London. 
Brown, W. L. 1963. The ant genus Smithistruma: a first supplement to the world revision 
(Hymenoptera: Formicidae). Transactions of the American Entomological Society 
89:183-200. 
Buckney, R., and D. Morrison. 1992. Temporal trends in plant species composition on mined 25 
sand dunes in Myall Lakes National Park, Australia. Austral Ecology 17:241-254. 
Bullock, J. M., J. Aronson, A. C. Newton, R. F. Pywell, and J. M. Rey-Benayas. 2011. 
Restoration of ecosystem services and biodiversity: conflicts and opportunities. 
Trends in Ecology & Evolution 26:541-549. 
Cadotte, M. W., K. Carscadden, and N. Mirotchnick. 2011. Beyond species: functional 30 
diversity and the maintenance of ecological processes and services. Journal of 
Applied Ecology 48:1079-1087. 
Cailliez, F. 1983. The analytical solution of the additive constant problem. Psychometrika 
48:305-308. 
Cardinale, B. J., J. E. Duffy, A. Gonzalez, D. U. Hooper, C. Perrings, P. Venail, A. Narwani, 35 
G. M. Mace, D. Tilman, and D. A. Wardle. 2012. Biodiversity loss and its impact on 
humanity. Nature 486:59-67. 
Carline, R. F., and M. C. Walsh. 2007. Responses to riparian restoration in the Spring Creek 
watershed, central Pennsylvania. Restoration Ecology 15:731-742. 
Castro‐Luna, A., V. Sosa, and G. Castillo‐Campos. 2007. Bat diversity and abundance 40 
associated with the degree of secondary succession in a tropical forest mosaic in 
south‐eastern Mexico. Animal Conservation 10:219-228. 
Chambers, J. C., R. W. Brown, and B. D. Williams. 1994. An evaluation of reclamation 
success on Idaho's phosphate mines. Restoration Ecology 2:4-16. 
Chapman, C. A., and L. J. Chapman. 1997. Forest regeneration in logged and unlogged 45 
forests of Kibale National Park, Uganda. Biotropica 29:396-412. 
Chin, A., F. Gelwick, D. Laurencio, L. R. Laurencio, M. S. Byars, and M. Scoggins. 2010. 
Linking geomorphological and ecological responses in restored urban pool-riffle 




Chovanec, A., F. Schiemer, H. Waidbacher, and R. Spolwind. 2002. Rehabilitation of a 
heavily modified river section of the Danube in Vienna (Austria): biological 
assessment of landscape linkages on different scales. International Review of 
Hydrobiology 87:183-195. 
Chuine, I. 2010. Why does phenology drive species distribution? Philosophical Transactions 5 
of the Royal Society B: Biological Sciences 365:3149-3160. 
Chung, A., P. Eggleton, M. Speight, P. Hammond, and V. Chey. 2000. The diversity of beetle 
assemblages in different habitat types in Sabah, Malaysia. Bulletin of entomological 
research 90:475-496. 
Clarke, S. J., and G. Wharton. 2000. An investigation of marginal habitat and macrophyte 10 
community enhancement on the River Torne, UK. River Research and Applications 
16:225-244. 
Cleland, E. E., I. Chuine, A. Menzel, H. A. Mooney, and M. D. Schwartz. 2007. Shifting 
plant phenology in response to global change. Trends in Ecology & Evolution 22:357-
365. 15 
Collingwood, C. A., B. J. Tigar, and D. Agosti. 1997. Introduced ants in the United Arab 
Emirates. Journal of Arid Environments 37:505-512. 
Cornelissen, J. H. C., T. V. Callaghan, J. M. Alatalo, A. Michelsen, E. Graglia, A. E. Hartley, 
D. S. Hik, S. E. Hobbie, M. C. Press, C. H. Robinson, G. H. R. Henry, G. R. Shaver, 
G. K. Phoneix, D. G. Jones, S. Jonasson, F. S. Chapin, U. Molau, C. Neill, J. A. Lee, 20 
J. M. Melillo, B. Sveinbjörnsson, and R. Aerts. 2001. Global Change and Arctic 
Ecosystems: Is Lichen Decline a Function of Increases in Vascular Plant Biomass? 
Journal of Ecology 89:984-994. 
Cornwell, W. K., J. H. Cornelissen, K. Amatangelo, E. Dorrepaal, V. T. Eviner, O. Godoy, S. 
E. Hobbie, B. Hoorens, H. Kurokawa, and N. Pérez‐Harguindeguy. 2008. Plant 25 
species traits are the predominant control on litter decomposition rates within biomes 
worldwide. Ecology Letters 11:1065-1071. 
Cortina, J., B. Amat, V. Castillo, D. Fuentes, F. T. Maestre, F. M. Padilla, and L. Rojo. 2011. 
The restoration of vegetation cover in the semi-arid Iberian southeast. Journal of Arid 
Environments 75:1377-1384. 30 
Costa, C. B., S. P. Ribeiro, and P. T. Castro. 2010. Ants as bioindicators of natural succession 
in savanna and riparian vegetation impacted by dredging in the Jequitinhonha river 
basin, Brazil. Restoration Ecology 18:148-157. 
Côté, I. M., and E. S. Darling. 2010. Rethinking ecosystem resilience in the face of climate 
change. PLoS biology 8:e1000438. 35 
Cowx, I., and M. Van Zyll de Jong. 2004. Rehabilitation of freshwater fisheries: tales of the 
unexpected? Fisheries Management and Ecology 11:243-249. 
Crouzeilles, R., M. Curran, M. S. Ferreira, D. B. Lindenmayer, C. E. Grelle, and J. M. R. 
Benayas. 2016. A global meta-analysis on the ecological drivers of forest restoration 
success. Nature communications 7. 40 
Crouzeilles, R., M. S. Ferreira, R. L. Chazdon, D. B. Lindenmayer, J. B. Sansevero, L. 
Monteiro, A. Iribarrem, A. E. Latawiec, and B. B. Strassburg. 2017. Ecological 
restoration success is higher for natural regeneration than for active restoration in 
tropical forests. Science advances 3:e1701345. 
Curran, M., S. Hellweg, and J. Beck. 2014. Is there any empirical support for biodiversity 45 
offset policy? Ecological Applications 24:617-632. 
D’Astous, A., M. Poulin, I. Aubin, and L. Rochefort. 2013. Using functional diversity as an 





Das, A., U. Saikia, B. Murthy, S. Dey, and S. K. Dutta. 2009. A herpetofaunal inventory of 
Barail Wildlife Sanctuary and adjacent regions, Assam, north-eastern India. 
Hamadryad 34:117-134. 
de Souza, V. M., M. B. de Souza, and E. F. Morato. 2008. Efeitos da sucessão florestal sobre 
a anurofauna (Amphibia: Anura) da Reserva Catuaba e seu entorno, Acre, Amazônia 5 
sul-ocidental Effect of the forest succession on the anurans (Amphibia: Anura) of the 
Reserve Catuaba and its periphery, Acre, southwestern Amazonia. Revista Brasileira 
de Zoologia 25:49-57. 
Del Hoyo, J., A. Elliot, and J. Sargatal. 1992. Handbook of the Birds of the World. Lynx 
Editions, Barcelona. 10 
Derhé, M. A., H. T. Murphy, N. D. Preece, M. J. Lawes, and R. Menéndez. in press. 
Recovery of mammal diversity in tropical forests: a functional approach to measuring 
restoration. Restoration Ecology. 
Dias, D. F. C., M. C. Ribeiro, Y. T. Felber, A. L. P. Cintra, N. S. d. Souza, and É. Hasui. 
2016. Beauty before age: landscape factors influence bird functional diversity in 15 
naturally regenerating fragments, but regeneration age does not. Restoration Ecology 
24:259-270. 
Díaz-García, J. M., E. Pineda, F. López-Barrera, and C. E. Moreno. 2017. Amphibian species 
and functional diversity as indicators of restoration success in tropical montane forest. 
Biodiversity and Conservation 26:2569-2589. 20 
Dı́az, S., and M. Cabido. 2001. Vive la difference: plant functional diversity matters to 
ecosystem processes. Trends in Ecology & Evolution 16:646-655. 
Diaz, S., M. Cabido, and F. Casanoves. 1998. Plant functional traits and environmental filters 
at a regional scale. Journal of Vegetation Science 9:113-122. 
Diaz, S., J. Hodgson, K. Thompson, M. Cabido, J. H. C. Cornelissen, A. Jalili, G. Montserrat-25 
Marti, J. Grime, F. Zarrinkamar, and Y. Asri. 2004. The plant traits that drive 
ecosystems: evidence from three continents. Journal of Vegetation Science 15:295-
304. 
Dranzoa, C. 1998. The avifauna 23 years after logging in Kibale National Park, Uganda. 
Biodiversity & Conservation 7:777-797. 30 
Dresser, H. E. 1881. A History of the Birds of Europe: Including All the Species Inhabiting 
the Western Palaeactic Region. Henry E. Dresser, London. 
Dyrcz, A., and H. F. Greeney. 2010. Breeding ecology of the Smoke-colored Pewee 
(Contopus fumigatus) in northeastern Ecuador. Ornitologia Neotropical 21:489-495. 
Ebrahimnezihad, M., and D. M. Harper. 1997. The biological effectiveness of artificial riffles 35 
in river rehabilitation. Aquatic Conservation: Marine and Freshwater Ecosystems 
7:187-197. 
Edwards, C. J., B. L. Griswold, R. A. Tubb, E. C. Weber, and L. C. Woods. 1984. Mitigating 
effects of artificial riffles and pools on the fauna of a channelized warmwater stream. 
North American Journal of Fisheries Management 4:194-203. 40 
Eggleton, P., R. Homathevi, D. Jeeva, D. T. Jones, R. G. Davies, and M. Maryati. 1997. The 
species richness and composition of termites (Isoptera) in primary and regenerating 
lowland dipterocarp forest in Sabah, East Malaysia. Ecotropica 3:119-128. 
Ehrenfeld, J. G. 2000. Defining the Limits of Restoration: The Need for Realistic Goals. 
Restoration Ecology 8:2-9. 45 
Eilu, G., and J. Obua. 2005. Tree condition and natural regeneration in disturbed sites of 





Eklöf, A., U. Jacob, J. Kopp, J. Bosch, R. Castro‐Urgal, N. P. Chacoff, B. Dalsgaard, C. 
Sassi, M. Galetti, and P. R. Guimarães. 2013. The dimensionality of ecological 
networks. Ecology Letters 16:577-583. 
Elston, D. A., R. Moss, T. Boulinier, C. Arrowsmith, and X. Lambin. 2001. Analysis of 
aggregation, a worked example: numbers of ticks on red grouse chicks. Parasitology 5 
122:563-569. 
Emmerson, M. C., and D. Raffaelli. 2004. Predator-Prey Body Size, Interaction Strength and 
the Stability of a Real Food Web. Journal of Animal Ecology 73:399-409. 
Ernst, R., and M.-O. Rödel. 2005. Anthropogenically induced changes of predictability in 
tropical anuran assemblages. Ecology 86:3111-3118. 10 
Estrada, A., R. Coates‐Estrada, and D. Meritt. 1994. Non flying mammals and landscape 
changes in the tropical rain forest region of Los Tuxtlas, Mexico. Ecography 17:229-
241. 
Fang, W., and S. Peng. 1997. Development of species diversity in the restoration process of 
establishing a tropical man-made forest ecosystem in China. Forest Ecology and 15 
Management 99:185-196. 
Fargione, J., C. S. Brown, and D. Tilman. 2003. Community assembly and invasion: An 
experimental test of neutral versus niche processes. Proceedings of the National 
Academy of Sciences 100:8916-8920. 
Faria, D. 2006. Phyllostomid bats of a fragmented landscape in the north-eastern Atlantic 20 
forest, Brazil. Journal of Tropical Ecology 22:531-542. 
Farwig, N., N. Sajita, and K. Böhning-Gaese. 2008. Conservation value of forest plantations 
for bird communities in western Kenya. Forest Ecology and Management 255:3885-
3892. 
Fermon, H., M. Waltert, R. Vane-Wright, and M. Mühlenberg. 2005. Forest use and vertical 25 
stratification in fruit-feeding butterflies of Sulawesi, Indonesia: impacts for 
conservation. Biodiversity & Conservation 14:333-350. 
Fimbel, C. 1994. The relative use of abandoned farm clearings and old forest habitats by 
primates and a forest antelope at Tiwai, Sierra Leone, West Africa. Biological 
Conservation 70:277-286. 30 
Fitter, A. H., and H. J. Peat. 1994. The ecological flora database. Journal of Ecology 82:415-
425. 
Fjellheim, A., B. T. Barlaup, S. E. Gabrielsen, and G. G. Raddum. 2003. Restoring fish 
habitat as an alternative to stocking in a river with strongly reduced flow. 
International Journal of Ecohydrology and Hydrobiology 3:17-26. 35 
Floren, A., A. Freking, M. Biehl, and K. E. Linsenmair. 2001. Anthropogenic disturbance 
changes the structure of arboreal tropical ant communities. Ecography 24:547-554. 
Fowler, H. 1985. Populations, foraging and territoriality in Dinoponera australis 
(Hymenoptera, Formicidae). Revista brasileira de entomologia 29:443-447. 
Fowler, H. G., and J. H. Delabie. 1995. Resource partitioning among epigaeic and hypogaeic 40 
ants (Hymenoptera: Formicidae) of a Brazilian cocoa plantation. Ecología Austral 
5:117-124. 
Franklin, J. F. 1993. Preserving biodiversity: species, ecosystems, or landscapes? Ecological 
Applications 3:202-205. 
Friberg, N., B. Kronvang, L. M. Svendsen, H. O. Hansen, and M. B. Nielsen. 1994. 45 
Restoration of a channelized reach of the River Gelså, Denmark: effects on the 
macroinvertebrate community. Aquatic Conservation: Marine and Freshwater 
Ecosystems 4:289-296. 
Frimpong, E. A., and P. L. Angermeier. 2009. Fish traits: a database of ecological and life-




Froese, R., and D. Pauly. 2012. FishBase. Available at www.fishbase.org. 
Fry, C. H., and K. Fry. 2010. Kingfishers, bee-eaters and rollers. A&C Black, London. 
Fuhlendorf, S. D., D. M. Engle, J. Kerby, and R. Hamilton. 2009. Pyric Herbivory: Rewilding 
Landscapes through the Recoupling of Fire and Grazing. Conservation Biology 
23:588-598. 5 
Fukami, T., T. Martijn Bezemer, S. R. Mortimer, and W. H. Putten. 2005. Species divergence 
and trait convergence in experimental plant community assembly. Ecology Letters 
8:1283-1290. 
Fukushima, M., M. Kanzaki, M. Hara, T. Ohkubo, P. Preechapanya, and C. Choocharoen. 
2008. Secondary forest succession after the cessation of swidden cultivation in the 10 
montane forest area in Northern Thailand. Forest Ecology and Management 
255:1994-2006. 
Funk, J. L., E. E. Cleland, K. N. Suding, and E. S. Zavaleta. 2008. Restoration through 
reassembly: plant traits and invasion resistance. Trends in Ecology & Evolution 
23:695-703. 15 
Gagic, V., I. Bartomeus, T. Jonsson, A. Taylor, C. Winqvist, C. Fischer, E. M. Slade, I. 
Steffan-Dewenter, M. Emmerson, S. G. Potts, T. Tscharntke, W. Weisser, and R. 
Bommarco. 2015. Functional identity and diversity of animals predict ecosystem 
functioning better than species-based indices. Proceedings of the Royal Society B: 
Biological Sciences 282. 20 
Galvis, J. P., and F. Fernández. 2009. Ants of Colombia X. Acanthognathus with the 
description of a new species (Hymenoptera: Formicidae). Revista Colombiana de 
Entomología 35:245-249. 
Gardner, T. A., M. I. Hernández, J. Barlow, and C. A. Peres. 2008. Understanding the 
biodiversity consequences of habitat change: the value of secondary and plantation 25 
forests for neotropical dung beetles. Journal of Applied Ecology 45:883-893. 
Gardner, T. A., M. A. Ribeiro‐Júnior, J. Barlow, T. C. S. Ávila‐Pires, M. S. Hoogmoed, and 
C. A. Peres. 2007. The value of primary, secondary, and plantation forests for a 
neotropical herpetofauna. Conservation Biology 21:775-787. 
Gatica-Saavedra, P., C. Echeverría, and C. R. Nelson. 2017. Ecological indicators for 30 
assessing ecological success of forest restoration: a world review. Restoration 
Ecology 25:850-857. 
Gerhard, M., and M. Reich. 2000. Restoration of Streams with Large Wood: Effects of 
Accumulated and Built‐in Wood on Channel Morphology, Habitat Diversity and 
Aquatic Fauna. International Review of Hydrobiology 85:123-137. 35 
Gillison, A. N., D. T. Jones, F.-X. Susilo, and D. E. Bignell. 2003. Vegetation indicates 
diversity of soil macroinvertebrates: a case study with termites along a land-use 
intensification gradient in lowland Sumatra. Organisms Diversity & Evolution 3:111-
126. 
Gleason, H. A. 1927. Further Views on the Succession‐Concept. Ecology 8:299-326. 40 
Glor, R. E., A. S. Flecker, M. F. Benard, and A. G. Power. 2001. Lizard diversity and 
agricultural disturbance in a Caribbean forest landscape. Biodiversity & Conservation 
10:711-723. 
Gollan, J. R., C. A. Reid, P. B. Barnes, and L. Wilkie. 2011. The ratio of exotic‐to‐native 
dung beetles can indicate habitat quality in riparian restoration. Insect Conservation 45 
and Diversity 4:123-131. 
González-Tokman, D., C. Cultid-Medina, A. Díaz, F. Escobar, L. Ocampo-Palacio, and C. 
Martínez-Garza. 2018. Success or failure: the role of ecological restoration on the 
recovery of dung beetle diversity and function in a tropical rainforest. Revista 




Gørtz, P. 1998. Effects of stream restoration on the macroinvertebrate community in the 
River Esrom, Denmark. Aquatic Conservation: Marine and Freshwater Ecosystems 
8:115-130. 
Gotelli, N. J., and R. K. Colwell. 2001. Quantifying biodiversity: procedures and pitfalls in 
the measurement and comparison of species richness. Ecology Letters 4:379-391. 5 
Gove, A. D., J. D. Majer, and V. Rico-Gray. 2005. Methods for conservation outside of 
formal reserve systems: the case of ants in the seasonally dry tropics of Veracruz, 
Mexico. Biological Conservation 126:328-338. 
Grau, H., M. Arturi, A. Brown, and P. Aceñolaza. 1997. Floristic and structural patterns 
along a chronosequence of secondary forest succession in Argentinean subtropical 10 
montane forests. Forest Ecology and Management 95:161-171. 
Green, D. M. 2003. The ecology of extinction: population fluctuation and decline in 
amphibians. Biological Conservation 111:331-343. 
Greeney, H. 1999. Ecuadorian birds: some nesting records and egg descriptions. Avicultural 
Magazine 105:127-129. 15 
Greeney, H. 2005. The nest, eggs and incubation behaviour of Sickle-winged Guan 
Chamaepetes goudotii fagani in western Ecuador. Bulletin of the British 
Ornithologists' Club 125:113. 
Greeney, H., M. E Juiña, J. Berton, J. B. C. Harris, M. T Wickens, B. Winger, R. Gelis, E. T 
Miller, and A. Solano-Ugalde. 2010a. Observations on the breeding biology of birds 20 
in south-east Ecuador. Bulletin of the British Ornithologists' Club 130:61-68. 
Greeney, H. F., R. C. Dobbs, and R. A. Gelis. 2005. The nest, eggs, nestlings, and parental 
care of the Bronze-olive Pygmy-Tyrant (Pseudotriccus pelzelni). Ornitologia 
Neotropical 16:511-518. 
Greeney, H. F., and R. A. Gelis. 2008. Further breeding records from the Ecuadorian 25 
Amazonian lowlands. Cotinga 29:62-68. 
Greeney, H. F., M. Juiña J, S. Lliquin, and J. Lyons. 2009. First nest description of the 
Yellow-breasted Antpitta Grallaria flavotincta in northwest Ecuador. Bulletin of the 
British Ornithologist's Club 129:256-258. 
Greeney, H. F., J. Simbaña, and V. Salazar. 2010b. First description of the eggs and nestlings 30 
of Powerful Woodpecker (Campephilus pollens). Boletín SAO 20:5-11. 
Grove, S. J. 2002. The influence of forest management history on the integrity of the 
saproxylic beetle fauna in an Australian lowland tropical rainforest. Biological 
Conservation 104:149-171. 
Gurevitch, J., and L. V. Hedges. 1999. Statistical issues in ecological meta‐analyses. Ecology 35 
80:1142-1149. 
Haapala, A., T. Muotka, and P. Laasonen. 2003. Distribution of benthic macroinvertebrates 
and leaf litter in relation to streambed retentivity: implications for headwater stream 
restoration. Boreal Environment Research 8:19-30. 
Hamlett, W. C. 2012. Reproductive biology of South American vertebrates. Springer Verlag, 40 
New York. 
Harris, T. 2010. Shrikes and Bush-shrikes: Including Wood-shrikes, Helmet-shrikes, Shrike 
Flycatchers, Philentomas, Batises and Wattle-eyes. A&C Black, London. 
Harrison, C. J. O. 1975. A field guide to the nests, eggs, and nestlings of British and 
European birds. Demeter Press, Ontario. 45 
Hawes, J., C. da Silva Motta, W. L. Overal, J. Barlow, T. A. Gardner, and C. A. Peres. 2009. 
Diversity and composition of Amazonian moths in primary, secondary and plantation 
forests. Journal of Tropical Ecology 25:281-300. 
Hayes, K. R., and S. C. Barry. 2008. Are there any consistent predictors of invasion success? 




Hedberg, P., P. Saetre, S. Sundberg, H. Rydin, and W. Kotowski. 2013. A functional trait 
approach to fen restoration analysis. Applied Vegetation Science 16:658-666. 
Heinen, J. T. 1992. Comparisons of the leaf litter herpetofauna in abandoned cacao 
plantations and primary rain forest in Costa Rica: some implications for faunal 
restoration. Biotropica 24:431-439. 5 
Heinze, J., and J. Delabie. 2005. Population structure of the male-polymorphic ant 
Cardiocondyla obscurior. Studies on Neotropical Fauna and Environment 40:187-190. 
Henderson, R. W., T. A. Noeske-Hallin, J. A. Ottenwalder, and A. Schwartz. 1987. On the 
Diet of the Boa Epicrates striatus on Hispaniola, with Notes on E. fordi and E. 
gracilis. Amphibia-Reptilia 8:251-258. 10 
Henry, C. P., C. Amoros, and Y. Giuliani. 1995. Restoration ecology of riverine wetlands: II. 
An example in a former channel of the Rhône River. Environmental management 
19:903-913. 
Hill, M. O., C. D. Preston, and D. Roy. 2004. PLANTATT-attributes of British and Irish 
plants: status, size, life history, geography and habitats. Centre for Ecology & 15 
Hydrology, Great Britain. 
Hilty, S. L., and B. Brown. 1986. A guide to the birds of Colombia. Princeton University 
Press, Princeton. 
Hingston, A. B., and S. Grove. 2010. From clearfell coupe to old-growth forest: Succession 
of bird assemblages in Tasmanian lowland wet eucalypt forests. Forest Ecology and 20 
Management 259:459-468. 
Hohausova, E., and P. Jurajda. 2005. Restoration of a river backwater and its influence on 
fish assemblage. Czech Journal of Animal Science 50:473. 
Hölldobler, B., and E. O. Wilson. 1990. The ants. Harvard University Press, Cambridge. 
Holt, R. D. 2009. Bringing the Hutchinsonian niche into the 21st century: Ecological and 25 
evolutionary perspectives. Proceedings of the National Academy of Sciences 
106:19659-19665. 
Hooper, D. U., F. S. Chapin, J. J. Ewel, A. Hector, P. Inchausti, S. Lavorel, J. H. Lawton, D. 
M. Lodge, M. Loreau, S. Naeem, B. Schmid, H. Setälä, A. J. Symstad, J. Vandermeer, 
and D. A. Wardle. 2005. Effects of Biodiversity on Ecosystem Functioning: A 30 
Consensus of Current Knowledge. Ecological Monographs 75:3-35. 
Hopp, P. W., R. Ottermanns, E. Caron, S. Meyer, and M. Roß‐Nickoll. 2010. Recovery of 
litter inhabiting beetle assemblages during forest regeneration in the Atlantic forest of 
Southern Brazil. Insect Conservation and Diversity 3:103-113. 
House, A., C. Burwell, and S. Brown. 2006. Ant assemblages in Brigalow regrowth 35 
vegetation. Ecological Management & Restoration 7:136-140. 
House, R. 1996. An evaluation of stream restoration structures in a coastal Oregon stream, 
1981–1993. North American Journal of Fisheries Management 16:272-281. 
Howson, T., B. Robson, and B. Mitchell. 2009. Fish assemblage response to rehabilitation of 
a sand‐slugged lowland river. River Research and Applications 25:1251-1267. 40 
Huang, W.-S. 2010. Ecology and reproductive characteristics of the skink Sphenomorphus 
incognitus on an East Asian Island, with comments on variations in clutch size with 
reproductive modes in Sphenomorphus. Zoological Studies 49:779-788. 
Ishida, H., T. Hattori, and Y. Takeda. 2005. Comparison of species composition and richness 
between primary and secondary lucidophyllous forests in two altitudinal zones of 45 
Tsushima Island, Japan. Forest Ecology and Management 213:273-287. 
Ito, F. 1991. Preliminary Report on Queenless Reproduction in a Primitive Ponerine Ant 





Iverson, J. B. 1986. Notes on the natural history of the Caicos Islands dwarf boa, Tropidophis 
greenwayi. Caribbean Journal of Science 22:191-198. 
Jackson, M. C., J. Grey, K. Miller, J. R. Britton, I. Donohue, and A. Dunn. 2016. Dietary 
niche constriction when invaders meet natives: evidence from freshwater decapods. 
Journal of Animal Ecology 85:1098-1107. 5 
Jetz, W., C. H. Sekercioglu, and K. Böhning-Gaese. 2008. The worldwide variation in avian 
clutch size across species and space. PLoS biology 6:e303. 
Johns, A. D. 1991. Responses of Amazonian rain forest birds to habitat modification. Journal 
of Tropical Ecology 7:417-437. 
Johnson, E. A., and K. Miyanishi. 2008. Testing the assumptions of chronosequences in 10 
succession. Ecology Letters 11:419-431. 
Jones, H. P., P. C. Jones, E. B. Barbier, R. C. Blackburn, J. M. Rey Benayas, K. D. Holl, M. 
McCrackin, P. Meli, D. Montoya, and D. M. Mateos. 2018. Restoration and repair of 
Earth's damaged ecosystems. Proceedings of the Royal Society B: Biological Sciences 
285. 15 
Jones, H. P., and O. J. Schmitz. 2009. Rapid Recovery of Damaged Ecosystems. PLoS ONE 
4:e5653. 
Jones, N. E., and W. M. Tonn. 2004. Enhancing productive capacity in the Canadian Arctic: 
assessing the effectiveness of instream habitat structures in habitat compensation. 
Transactions of the American Fisheries Society 133:1356-1365. 20 
Jungwirth, M., O. Moog, and S. Muhar. 1993. Effects of river bed restructuring on fish and 
benthos of a fifth order stream, Melk, Austria. River Research and Applications 
8:195-204. 
Kail, J., K. Brabec, M. Poppe, and K. Januschke. 2015. The effect of river restoration on fish, 
macroinvertebrates and aquatic macrophytes: a meta-analysis. Ecological Indicators 25 
58:311-321. 
Kanowski, J. J., T. M. Reis, C. P. Catterall, and S. D. Piper. 2006. Factors affecting the use of 
reforested sites by reptiles in cleared rainforest landscapes in tropical and subtropical 
Australia. Restoration Ecology 14:67-76. 
Kardol, P., T. M. Bezemer, A. van der Wal, and W. Van der Putten. 2005. Successional 30 
trajectories of soil nematode and plant communities in a chronosequence of ex-arable 
lands. Biological Conservation 126:317-327. 
Kattge, J., S. Diaz, S. Lavorel, I. Prentice, P. Leadley, G. Bönisch, E. Garnier, M. Westoby, 
P. B. Reich, and I. Wright. 2011. TRY–a global database of plant traits. Global 
change biology 17:2905-2935. 35 
Keddy, P. A. 1992. Assembly and response rules: two goals for predictive community 
ecology. Journal of Vegetation Science 3:157-164. 
Kelly, F. L., and J. J. Bracken. 1998. Fisheries enhancement of the Rye Water, a lowland 
river in Ireland. Aquatic Conservation: Marine and Freshwater Ecosystems 8:131-
143. 40 
Kembel, S. W., P. D. Cowan, M. R. Helmus, W. K. Cornwell, H. Morlon, D. D. Ackerly, S. 
P. Blomberg, and C. O. Webb. 2010. Picante: R tools for integrating phylogenies and 
ecology. Bioinformatics 26:1463-1464. 
Kennard, D. K. 2002. Secondary forest succession in a tropical dry forest: patterns of 
development across a 50-year chronosequence in lowland Bolivia. Journal of Tropical 45 
Ecology 18:53-66. 
Kindscher, K., and L. L. Tieszen. 1998. Floristic and soil organic matter changes after five 





Klein, B. C. 1989. Effects of forest fragmentation on dung and carrion beetle communities in 
central Amazonia. Ecology 70:1715-1725. 
Kleyer, M., R. Bekker, I. Knevel, J. Bakker, K. Thompson, M. Sonnenschein, P. Poschlod, J. 
Van Groenendael, L. Klimeš, and J. Klimešová. 2008. The LEDA Traitbase: a 
database of life‐history traits of the Northwest European flora. Journal of Ecology 5 
96:1266-1274. 
Knapp, C. R., and A. Owens. 2004. Diurnal refugia and novel ecological attributes of the 
Bahamian Boa, Epicrates striatus fowleri (Boidae). Caribbean Journal of Science 
40:265-269. 
Konečná, M., and M. Reichard. 2011. Seasonal dynamics in population characteristics of 10 
European bitterling Rhodeus amarus in a small lowland river. Journal of fish biology 
78:227-239. 
Kraft, N. J. B., R. Valencia, and D. D. Ackerly. 2008. Functional Traits and Niche-Based 
Tree Community Assembly in an Amazonian Forest. Science 322:580-582. 
Kritzinger, J., and R. Van Aarde. 1998. The bird communities of rehabilitating coastal dunes 15 
at Richards Bay, KwaZulu-Natal. South African Journal of Science 94:71-78. 
Krombein, K. V., P. Hurd, D. R. Smith, and B. Burks. 1979. Catalog of Hymenoptera in 
America north of Mexico. Smithsonian Institution Press, Washington, D.C. 
Kuznetsova, A., P. B. Brockhoff, and R. H. B. Christensen. 2017. lmerTest Package: Tests in 
Linear Mixed Effects Models. Journal of Statistical Software 82:26. 20 
Laliberté, E., and P. Legendre. 2010. A distance-based framework for measuring functional 
diversity from multiple traits. Ecology 91:299-305. 
Laliberté, E., P. Legendre, and B. Shipley. 2014. FD: measuring functional diversity from 
multiple traits, and other tools for functional ecology. R package version 1.0-12. 
Laliberté, E., J. A. Wells, F. DeClerck, D. J. Metcalfe, C. P. Catterall, C. Queiroz, I. Aubin, 25 
S. P. Bonser, Y. Ding, and J. M. Fraterrigo. 2010. Land‐use intensification reduces 
functional redundancy and response diversity in plant communities. Ecology Letters 
13:76-86. 
Lambert, F. 1992. The consequences of selective logging for Bornean lowland forest birds. 
Phil. Trans. R. Soc. Lond. B 335:443-457. 30 
Langler, G. J., and C. Smith. 2001. Effects of habitat enhancement on 0‐group fishes in a 
lowland river. River Research and Applications 17:677-686. 
Larsen, T. H., N. M. Williams, and C. Kremen. 2005. Extinction order and altered 
community structure rapidly disrupt ecosystem functioning. Ecology Letters 8:538-
547. 35 
Laughlin, D. C. 2014. Applying trait-based models to achieve functional targets for theory-
driven ecological restoration. Ecology Letters 17:771-784. 
Lavorel, S., and E. Garnier. 2002. Predicting changes in community composition and 
ecosystem functioning from plant traits: revisiting the Holy Grail. Functional ecology 
16:545-556. 40 
Lavorel, S., K. Grigulis, S. McIntyre, N. S. G. Williams, D. Garden, J. Dorrough, S. Berman, 
F. Quétier, A. Thébault, and A. Bonis. 2008. Assessing functional diversity in the 
field – methodology matters! Functional ecology 22:134-147. 
Law, B. S., and M. Chidel. 2001. Bat activity 22 years after first-round intensive logging of 
alternate coupes near Eden, New South Wales. Australian Forestry 64:242-247. 45 
Layzer, J. B., and E. M. Scott. 2006. Restoration and colonization of freshwater mussels and 





Lehane, B., P. Giller, J. O'Halloran, C. Smith, and J. Murphy. 2002. Experimental provision 
of large woody debris in streams as a trout management technique. Aquatic 
Conservation: Marine and Freshwater Ecosystems 12:289-311. 
Leonardos, I., A. Tsikliras, V. Eleftheriou, Y. Cladas, I. Kagalou, R. Chortatou, and O. 
Papigioti. 2008. Life history characteristics of an invasive cyprinid fish (Carassius 5 
gibelio) in Chimaditis Lake (northern Greece). Journal of Applied Ichthyology 
24:213-217. 
Leps, M., A. Sundermann, J. D. Tonkin, A. W. Lorenz, and P. Haase. 2016. Time is no 
healer: increasing restoration age does not lead to improved benthic invertebrate 
communities in restored river reaches. Science of The Total Environment 557-10 
558:722-732. 
Li, S., W. Liu, L. Wang, W. Ma, and L. Song. 2011. Biomass, diversity and composition of 
epiphytic macrolichens in primary and secondary forests in the subtropical Ailao 
Mountains, SW China. Forest Ecology and Management 261:1760-1770. 
Lieberman, S. 1986. Ecology of the leaf litter herpetofauna of a neotropical rain forest: La 15 
Selva, Costa Rica. Ecología de la herpetofauna del mantillo del suelo de un bosque 
neotropical: La Selva, Costa Rica. Acta Zoologica Mexicana (nueva serie) 15:1-72. 
Liebsch, D., R. Goldenberg, and M. C. M. Marques. 2007. Florística e estrutura de 
comunidades vegetais em uma cronoseqüência de Floresta Atlântica no Estado do 
Paraná, Brasil. Acta botanica brasilica 21:983-992. 20 
Liebsch, D., M. C. Marques, and R. Goldenberg. 2008. How long does the Atlantic Rain 
Forest take to recover after a disturbance? Changes in species composition and 
ecological features during secondary succession. Biological Conservation 141:1717-
1725. 
Lindquist, D. G., and L. M. Page. 1984. Environmental biology of darters. Springer Science 25 
& Business Media. 
Loreau, M., S. Naeem, P. Inchausti, J. Bengtsson, J. Grime, A. Hector, D. Hooper, M. 
Huston, D. Raffaelli, and B. Schmid. 2001. Biodiversity and ecosystem functioning: 
current knowledge and future challenges. Science 294:804-808. 
Lorenz, A. W., S. C. Jähnig, and D. Hering. 2009. Re-meandering German lowland streams: 30 
qualitative and quantitative effects of restoration measures on hydromorphology and 
macroinvertebrates. Environmental management 44:745-754. 
Lüderitz, V., T. Speierl, U. Langheinrich, W. Völkl, and R. M. Gersberg. 2011. Restoration 
of the Upper Main and Rodach rivers–The success and its measurement. Ecological 
Engineering 37:2044-2055. 35 
Luja, V. H., S. Herrando‐Pérez, D. González‐Solís, and L. Luiselli. 2008. Secondary rain 
forests are not havens for reptile species in tropical Mexico. Biotropica 40:747-757. 
MacArthur, R., and R. Levins. 1967. The limiting similarity, convergence, and divergence of 
coexisting species. The American Naturalist 101:377-385. 
MacGregor-Fors, I., A. Blanco-García, and R. Lindig-Cisneros. 2010. Bird community shifts 40 
related to different forest restoration efforts: a case study from a managed habitat 
matrix in Mexico. Ecological Engineering 36:1492-1496. 
Maechler, M., P. Rousseeuw, A. Struyf, M. Hubert, and K. Hornik. 2017. cluster: Cluster 
Analysis Basics and Extensions. R package version 2.0. 1. 2015. 
Majer, J. D. 1992. Ant recolonisation of rehabilitated bauxite mines of Poços de Caldas, 45 
Brazil. Journal of Tropical Ecology 8:97-108. 
Marin-Spiotta, E., W. Silver, and R. Ostertag. 2007. Long‐term patterns in tropical 
reforestation: Plant community composition and aboveground biomass accumulation. 




Marks, J. C., G. A. Haden, M. O’Neill, and C. Pace. 2010. Effects of flow restoration and 
exotic species removal on recovery of native fish: lessons from a dam 
decommissioning. Restoration Ecology 18:934-943. 
Marsden, S. J. 1998. Changes in bird abundance following selective logging on Seram, 
Indonesia. Conservation Biology 12:605-611. 5 
Mayfield, M. M., S. P. Bonser, J. W. Morgan, I. Aubin, S. McNamara, and P. A. Vesk. 2010. 
What does species richness tell us about functional trait diversity? Predictions and 
evidence for responses of species and functional trait diversity to land‐use change. 
Global Ecology and Biogeography 19:423-431. 
McDonald, T., G. Gann, J. Jonson, and K. Dixon. 2016. International standards for the 10 
practice of ecological restoration–including principles and key concepts. Society for 
Ecological Restoration, Washington, D.C. 
McGlynn, T. P., R. A. Carr, J. H. Carson, and J. Buma. 2004. Frequent nest relocation in the 
ant Aphaenogaster araneoides: resources, competition, and natural enemies. Oikos 
106:611-621. 15 
McLachlan, S., and A. Knispel. 2005. Assessment of long-term tallgrass prairie restoration in 
Manitoba, Canada. Biological Conservation 124:75-88. 
Medellin, R. A., and M. Equihua. 1998. Mammal species richness and habitat use in 
rainforest and abandoned agricultural fields in Chiapas, Mexico. Journal of Applied 
Ecology 35:13-23. 20 
Medellín, R. A., M. Equihua, and M. A. Amin. 2000. Bat diversity and abundance as 
indicators of disturbance in Neotropical rainforests. Conservation Biology 14:1666-
1675. 
Meli, P., K. D. Holl, J. M. Rey Benayas, H. P. Jones, P. C. Jones, D. Montoya, and D. 
Moreno Mateos. 2017. A global review of past land use, climate, and active vs. 25 
passive restoration effects on forest recovery. PLoS ONE 12:e0171368. 
Merz, J. E., O. Chan, and K. Leigh. 2005. Effects of gravel augmentation on 
macroinvertebrate assemblages in a regulated California river. River Research and 
Applications 21:61-74. 
Merz, J. E., J. D. Setka, G. B. Pasternack, and J. M. Wheaton. 2004. Predicting benefits of 30 
spawning-habitat rehabilitation to salmonid (Oncorhynchus spp.) fry production in a 
regulated California river. Canadian Journal of Fisheries and Aquatic Sciences 
61:1433-1446. 
Michael, D. R., R. B. Cunningham, and D. B. Lindenmayer. 2011. Regrowth and 
revegetation in temperate Australia presents a conservation challenge for reptile fauna 35 
in agricultural landscapes. Biological Conservation 144:407-415. 
Modiba, R. V., G. S. Joseph, C. L. Seymour, P. Fouché, and S. H. Foord. 2017. Restoration 
of riparian systems through clearing of invasive plant species improves functional 
diversity of Odonate assemblages. Biological Conservation 214:46-54. 
Moerke, A. H., K. J. Gerard, J. A. Latimore, R. A. Hellenthal, and G. A. Lamberti. 2004. 40 
Restoration of an Indiana, USA, stream: bridging the gap between basic and applied 
lotic ecology. Journal of the North American Benthological Society 23:647-660. 
Moerke, A. H., and G. A. Lamberti. 2003. Responses in fish community structure to 
restoration of two Indiana streams. North American Journal of Fisheries Management 
23:748-759. 45 
Moffett, M. W. 2010. Adventures among ants: a global safari with a cast of trillions. 
University of California Press, Berkeley. 
Moilanen, A., A. J. Van Teeffelen, Y. Ben‐Haim, and S. Ferrier. 2009. How much 




discounting when calculating offset ratios for impacted habitat. Restoration Ecology 
17:470-478. 
Monahan, C., and J. Caffrey. 1996. The effect of weed control practices on macroinvertebrate 
communities in Irish Canals. Hydrobiologia 340:205-211. 
Moola, F., and L. Vasseur. 2004. Recovery of late-seral vascular plants in a chronosequence 5 
of post-clearcut forest stands in coastal Nova Scotia, Canada. Plant Ecology 172:183-
197. 
Moretti, M., and C. Legg. 2009. Combining plant and animal traits to assess community 
functional responses to disturbance. Ecography 32:299-309. 
Mouillot, D., O. Dumay, and J. A. Tomasini. 2007. Limiting similarity, niche filtering and 10 
functional diversity in coastal lagoon fish communities. Estuarine, Coastal and Shelf 
Science 71:443-456. 
Muehlbauer, J. D., C. J. LeRoy, J. M. Lovett, K. K. Flaccus, J. K. Vlieg, and J. C. Marks. 
2009. Short-term responses of decomposers to flow restoration in Fossil Creek, 
Arizona, USA. Hydrobiologia 618:35-45. 15 
Mueller, M., J. Pander, and J. Geist. 2013. Taxonomic sufficiency in freshwater ecosystems: 
effects of taxonomic resolution, functional traits, and data transformation. Freshwater 
Science 32:762-778. 
Muhar, S., M. Jungwirth, G. Unfer, C. Wiesner, M. Poppe, S. Schmutz, S. Hohensinner, and 
H. Habersack. 2007. 30 Restoring riverine landscapes at the Drau River: successes 20 
and deficits in the context of ecological integrity. Developments in Earth Surface 
Processes 11:779-803. 
Nakagawa, M., H. Miguchi, and T. Nakashizuka. 2006. The effects of various forest uses on 
small mammal communities in Sarawak, Malaysia. Forest Ecology and Management 
231:55-62. 25 
Nakano, D., and F. Nakamura. 2006. Responses of macroinvertebrate communities to river 
restoration in a channelized segment of the Shibetsu River, Northern Japan. River 
Research and Applications 22:681-689. 
NatureServe. 2013. Etheostoma parvipinne. The IUCN Red List of Threatened Species 2013: 
e.T202512A18231495. http://dx.doi.org/10.2305/IUCN.UK.2013-30 
1.RLTS.T202512A18231495.en. 
Negishi, J. N., and J. S. Richardson. 2003. Responses of organic matter and 
macroinvertebrates to placements of boulder clusters in a small stream of 
southwestern British Columbia, Canada. Canadian Journal of Fisheries and Aquatic 
Sciences 60:247-258. 35 
Newbury, R., and M. Gaboury. 1993. Exploration and rehabilitation of hydraulic habitats in 
streams using principles of fluvial behaviour. Freshwater Biology 29:195-210. 
Nicolas, V., P. Barrière, A. Tapiero, and M. Colyn. 2009. Shrew species diversity and 
abundance in Ziama Biosphere Reserve, Guinea: comparison among primary forest, 
degraded forest and restoration plots. Biodiversity and Conservation 18:2043-2061. 40 
Normand, S., U. A. Treier, C. Randin, P. Vittoz, A. Guisan, and J. C. Svenning. 2009. 
Importance of abiotic stress as a range‐limit determinant for European plants: insights 
from species responses to climatic gradients. Global Ecology and Biogeography 
18:437-449. 
Norval, G., S. Dieckmann, S.-C. Huang, J.-J. Mao, H.-P. Chu, and S. R. Goldberg. 2011. 45 
Does the tokay gecko (Gekko gecko [Linnaeus, 1758]) occur in the wild in Taiwan. 
Herpetology Notes 4:203-205. 
O’Dea, N., and R. J. Whittaker. 2007. How resilient are Andean montane forest bird 




Oksanen, J., F. G. Blanchet, M. Friendly, R. Kindt, P. Legendre, D. McGlinn, P. R. Minchin, 
R. B. O'Hara, G. L. Simpson, P. Solymos, M. H. H. Stevens, E. Szoecs, and H. 
Wagner. 2018. vegan: Community Ecology Package. R package version 2.4-6. 
Owiunji, I., and A. Plumptre. 1998. Bird communities in logged and unlogged compartments 
in Budongo Forest, Uganda. Forest Ecology and Management 108:115-126. 5 
Pakeman, R. J. 2014. Functional trait metrics are sensitive to the completeness of the species' 
trait data? Methods in Ecology and Evolution 5:9-15. 
Palladini, J. D., M. G. Jones, N. J. Sanders, and E. S. Jules. 2007. The recovery of ant 
communities in regenerating temperate conifer forests. Forest Ecology and 
Management 242:619-624. 10 
Palm, D., F. Lepori, and E. Brännäs. 2010. Influence of habitat restoration on post‐emergence 
displacement of brown trout (Salmo trutta L.): A case study in a Northern Swedish 
stream. River Research and Applications 26:742-750. 
Palmer, M. A. 2016. Persistent and Emerging Themes in the Linkage of Theory to 
Restoration Practice. Pages 517-531 in M. A. Palmer, J. B. Zedler, and D. A. Falk, 15 
editors. Foundations of Restoration Ecology. Island Press, Washington. 
Palmer, M. A., E. Bernhardt, J. Allan, P. Lake, G. Alexander, S. Brooks, J. Carr, S. Clayton, 
C. Dahm, and J. Follstad Shah. 2005. Standards for ecologically successful river 
restoration. Journal of Applied Ecology 42:208-217. 
Palmer, M. A., H. L. Menninger, and E. Bernhardt. 2010. River restoration, habitat 20 
heterogeneity and biodiversity: a failure of theory or practice? Freshwater Biology 
55:205-222. 
Parker, G. A., and M. Begon. 1986. Optimal egg size and clutch size: effects of environment 
and maternal phenotype. The American Naturalist 128:573-592. 
Parrotta, J. A., and O. H. Knowles. 2001. Restoring tropical forests on lands mined for 25 
bauxite: examples from the Brazilian Amazon. Ecological Engineering 17:219-239. 
Parry, L., J. Barlow, and C. A. Peres. 2007. Large-vertebrate assemblages of primary and 
secondary forests in the Brazilian Amazon. Journal of Tropical Ecology 23:653-662. 
Pascarella, J. B., T. M. Aide, M. I. Serrano, and J. K. Zimmerman. 2000. Land-use history 
and forest regeneration in the Cayey Mountains, Puerto Rico. Ecosystems 3:217-228. 30 
Passy, S. I., and F. G. Blanchet. 2007. Algal communities in human‐impacted stream 
ecosystems suffer beta‐diversity decline. Diversity and Distributions 13:670-679. 
Patten, M. A. 1997. Reestablishment of a rodent community in restored desert scrub. 
Restoration Ecology 5:156-161. 
Pawar, S. S., G. S. Rawat, and B. C. Choudhury. 2004. Recovery of frog and lizard 35 
communities following primary habitat alteration in Mizoram, Northeast India. BMC 
ecology 4:10. 
Paynter, Q., J. M. Overton, R. L. Hill, S. E. Bellgard, and M. I. Dawson. 2012. Plant traits 
predict the success of weed biocontrol. Journal of Applied Ecology 49:1140-1148. 
Pedersen, M. L., N. Friberg, J. Skriver, A. Baattrup-Pedersen, and S. E. Larsen. 2007. 40 
Restoration of Skjern River and its valley—short-term effects on river habitats, 
macrophytes and macroinvertebrates. Ecological Engineering 30:145-156. 
Pedersen, M. L., E. A. Kristensen, B. Kronvang, and H. Thodsen. 2009. Ecological effects of 
re‐introduction of salmonid spawning gravel in lowland Danish streams. River 
Research and Applications 25:626-638. 45 
Peh, K. S.-H., J. de Jong, N. S. Sodhi, S. L.-H. Lim, and C. A.-M. Yap. 2005. Lowland 
rainforest avifauna and human disturbance: persistence of primary forest birds in 
selectively logged forests and mixed-rural habitats of southern Peninsular Malaysia. 




Perring, M. P., R. J. Standish, J. N. Price, M. D. Craig, T. E. Erickson, K. X. Ruthrof, A. S. 
Whiteley, L. E. Valentine, and R. J. Hobbs. 2015. Advances in restoration ecology: 
rising to the challenges of the coming decades. Ecosphere 6:art131. 
Petchey, O. L., K. L. Evans, S. F. Isla, and K. J. Gaston. 2007. Low Functional Diversity and 
No Redundancy in British Avian Assemblages. Journal of Animal Ecology 76:977-5 
985. 
Petchey, O. L., and K. J. Gaston. 2002. Functional diversity (FD), species richness and 
community composition. Ecology Letters 5:402-411. 
Petchey, O. L., and K. J. Gaston. 2006. Functional diversity: back to basics and looking 
forward. Ecology Letters 9:741-758. 10 
Philpott, S., I. Perfecto, and J. Vandermeer. 2008. Effects of predatory ants on lower trophic 
levels across a gradient of coffee management complexity. Journal of Animal Ecology 
77:505-511. 
Pickett, S. T. 1989. Space-for-time substitution as an alternative to long-term studies. Pages 
110-135  Long-term studies in ecology. Springer, New York. 15 
Pielou, E. C. 1969. An introduction to mathematical ecology. John Wiley & Sons, New York. 
Piqueray, J., G. Bottin, L.-M. Delescaille, E. Bisteau, G. Colinet, and G. Mahy. 2011. Rapid 
restoration of a species-rich ecosystem assessed from soil and vegetation indicators: 
the case of calcareous grasslands restored from forest stands. Ecological Indicators 
11:724-733. 20 
Pol, J. L. V. 2001. A guide to endemic birds of Ethiopia and Eritrea. Shama Books, Addis 
Ababa. 
Powell, R., and R. W. Henderson. 2008. Sphaerodactylus cochranae. Catalogue of American 
Amphibians and Reptiles (CAAR). 
Powers, J. S., J. M. Becknell, J. Irving, and D. Pèrez-Aviles. 2009. Diversity and structure of 25 
regenerating tropical dry forests in Costa Rica: Geographic patterns and 
environmental drivers. Forest Ecology and Management 258:959-970. 
Prach, K., and R. J. Hobbs. 2008. Spontaneous Succession versus Technical Reclamation in 
the Restoration of Disturbed Sites. Restoration Ecology 16:363-366. 
Prather, A. L., R. W. Merritt, K. W. Cummins, S. A. Marshall, and M. B. Berg. 2008. An 30 
Introduction to the Aquatic Insects of North America. Kendall Hunt Publishing, 
Dubuque. 
Pretty, J. L., and M. Dobson. 2004. The response of macroinvertebrates to artificially 
enhanced detritus levels in plantation streams. Hydrology and Earth System Sciences 
Discussions 8:550-559. 35 
Purata, S. E. 1986. Floristic and structural changes during old-field succession in the Mexican 
tropics in relation to site history and species availability. Journal of Tropical Ecology 
2:257-276. 
Purcell, A. H., C. Friedrich, and V. H. Resh. 2002. An assessment of a small urban stream 
restoration project in northern California. Restoration Ecology 10:685-694. 40 
Purvis, A., and A. Hector. 2000. Getting the measure of biodiversity. Nature 405:212. 
Qin, H., Y. Wang, F. Zhang, J. Chen, G. Zhang, and G. Dong. 2016. Application of species, 
phylogenetic and functional diversity to the evaluation on the effects of ecological 
restoration on biodiversity. Ecological Informatics 32:53-62. 
Quinn, J. W., and T. J. Kwak. 2000. Use of rehabilitated habitat by brown trout and rainbow 45 
trout in an Ozark tailwater river. North American Journal of Fisheries Management 
20:737-751. 
Quintero, I., and T. Roslin. 2005. Rapid recovery of dung beetle communities following 
habitat fragmentation in Central Amazonia. Ecology 86:3303-3311. 




Raman, T. 2001. Effect of Slash‐and‐Burn Shifting Cultivation on Rainforest Birds in 
Mizoram, Northeast India. Conservation Biology 15:685-698. 
Renner, S. C., M. Waltert, and M. Mühlenberg. 2006. Comparison of bird communities in 
primary vs. young secondary tropical montane cloud forest in Guatemala. 
Biodiversity and Conservation 15:1545-1575. 5 
Rice, S. K., L. Aclander, and D. T. Hanson. 2008. Do bryophyte shoot systems function like 
vascular plant leaves or canopies? Functional trait relationships in Sphagnum mosses 
(Sphagnaceae). American Journal of Botany 95:1366-1374. 
Rocha-Ortega, M., X. Arnan, J. D. Ribeiro-Neto, I. R. Leal, M. E. Favila, and M. Martínez-
Ramos. 2018. Taxonomic and functional ant diversity along a secondary successional 10 
gradient in a tropical forest. Biotropica 50:290-301. 
Rohr, R. P., S. Saavedra, G. Peralta, C. M. Frost, L.-F. Bersier, J. Bascompte, and J. M. 
Tylianakis. 2016. Persist or Produce: A Community Trade-Off Tuned by Species 
Evenness. The American Naturalist 188:411-422. 
Roscher, C., J. Schumacher, M. Gubsch, A. Lipowsky, A. Weigelt, N. Buchmann, B. Schmid, 15 
and E. D. Schulze. in press. Origin context of trait data matters for predictions of 
community performance in a grassland biodiversity experiment. Ecology. 
Rosi-Marshall, E. J., A. H. Moerke, and G. A. Lamberti. 2006. Ecological responses to trout 
habitat rehabilitation in a Northern Michigan stream. Environmental management 
38:99-107. 20 
Roth, D. S., I. Perfecto, and B. Rathcke. 1994. The effects of management systems on 
ground-foraging ant diversity in Costa Rica. Ecosystem Management 4:423-436. 
Rubin, Z., G. M. Kondolf, and B. Rios-Touma. 2017. Evaluating Stream Restoration 
Projects: What Do We Learn from Monitoring? Water 9:174. 
Ruiz-Jaen, M. C., and M. T. Aide. 2005. Restoration success: how is it being measured? 25 
Restoration Ecology 13:569-577. 
Rumm, A., F. Foeckler, F. Dziock, C. Ilg, M. Scholz, R. M. B. Harris, and M. Gerisch. in 
press. Shifts in mollusc traits following floodplain reconnection: Testing the response 
of functional diversity components. Freshwater Biology. 
Sabaton, C., Y. Souchon, H. Capra, V. Gouraud, J. M. Lascaux, and L. Tissot. 2008. Long‐30 
term brown trout populations responses to flow manipulation. River Research and 
Applications 24:476-505. 
Sáfián, S., G. Csontos, and D. Winkler. 2011. Butterfly community recovery in degraded 
rainforest habitats in the Upper Guinean Forest Zone (Kakum forest, Ghana). Journal 
of Insect Conservation 15:351-359. 35 
Sajdak, R. A., and R. W. Henderson. 1982. Notes on the eggs and young of Antillophis 
parvifrons stygius (Reptilis, Serpentes, Colubridae). Florida Scientist 45:200-204. 
Salvadori, T. 1891. Catalogue of the Psittaci, or Parrots, in the Collection of the British 
Museum. Forgotten Books. 
Sarmiento, L., L. Llambi, A. Escalona, and N. Marquez. 2003. Vegetation patterns, 40 
regeneration rates and divergence in an old-field succession of the high tropical 
Andes. Plant Ecology 166:145-156. 
Sarriquet, P.-E., P. Bordenave, and P. Marmonier. 2007. Effects of bottom sediment 
restoration on interstitial habitat characteristics and benthic macroinvertebrate 
assemblages in a headwater stream. River Research and Applications 23:815-828. 45 
Saunders, J., and M. Smith. 1962. Physical alteration of stream habitat to improve brook trout 
production. Transactions of the American Fisheries Society 91:185-188. 
Schmidt-Kloiber, A., and D. Hering. 2015. www. freshwaterecology. info–An online tool that 
unifies, standardises and codifies more than 20,000 European freshwater organisms 




Schonberg, L. A., J. T. Longino, N. M. Nadkarni, S. P. Yanoviak, and J. C. Gering. 2004. 
Arboreal ant species richness in primary forest, secondary forest, and pasture habitats 
of a tropical montane landscape. Biotropica 36:402-409. 
Schriever, T. A., M. T. Bogan, K. S. Boersma, M. Cañedo-Argüelles, K. L. Jaeger, J. D. 
Olden, and D. A. Lytle. 2015. Hydrology shapes taxonomic and functional structure 5 
of desert stream invertebrate communities. Freshwater Science 34:399-409. 
Schwartz, J. S., and E. E. Herricks. 2007. Evaluation of pool‐riffle naturalization structures 
on habitat complexity and the fish community in an urban Illinois stream. River 
Research and Applications 23:451-466. 
Sclater, P. L. 1879. 4. On the Birds collected by the late Mr. TK Salmon in the State of 10 
Antioquia, United States of Colombia. Journal of Zoology 47:486-550. 
Scruton, D., T. Anderson, and L. King. 1998. Pamehac Brook: a case study of the restoration 
of a Newfoundland, Canada, river impacted by flow diversion for pulpwood 
transportation. Aquatic Conservation: Marine and Freshwater Ecosystems 8:145-157. 
Şekercioğlu, Ç. H. 2006. Increasing awareness of avian ecological function. Trends in 15 
Ecology & Evolution 21:464-471. 
Selmants, P. C., and D. H. Knight. 2003. Understory plant species composition 30–50 years 
after clearcutting in southeastern Wyoming coniferous forests. Forest Ecology and 
Management 185:275-289. 
Shahabuddin, S. C., and T. Tscharntke. 2005. Changes of dung beetle communities from 20 
rainforests towards agroforestry systems and annual cultures in Sulawesi (Indonesia). 
Biodivers Conserv 14:863-877. 
Shetter, D. S., O. Clark, and A. S. Hazzard. 1949. The effects of deflectors in a section of a 
Michigan trout stream. Transactions of the American Fisheries Society 76:248-278. 
Shields, F. D., C. M. Cooper, and S. S. Knight. 1993. Initial habitat response to incised 25 
channel rehabilitation. Aquatic Conservation: Marine and Freshwater Ecosystems 
3:93-103. 
Shields, F. D., S. Knight, and C. Cooper. 1998. Addition of spurs to stone toe protection for 
warmwater fish habitat rehabilitation. JAWRA Journal of the American Water 
Resources Association 34:1427-1436. 30 
Shields, F. D., S. S. Knight, and J. M. Stofleth. 2006. Large wood addition for aquatic habitat 
rehabilitation in an incised, sand‐bed stream, Little Topashaw Creek, Mississippi. 
River Research and Applications 22:803-817. 
Shin, I. K., H. B. Yi, and Y. J. Bae. 2011. Colonization and community changes in benthic 
macroinvertebrates in Cheonggye Stream, a restored downtown stream in Seoul, 35 
Korea. Journal of Ecology and Environment 34:175-191. 
Sigsgaard, E. E., H. Carl, P. R. Møller, and P. F. Thomsen. 2015. Monitoring the near-extinct 
European weather loach in Denmark based on environmental DNA from water 
samples. Biological Conservation 183:46-52. 
Silva, R. R., R. S. M. Feitosa, and F. Eberhardt. 2007. Reduced ant diversity along a habitat 40 
regeneration gradient in the southern Brazilian Atlantic Forest. Forest Ecology and 
Management 240:61-69. 
Silvestre, R., C. R. F. Brandão, and R. R. Da Silva. 2003. Capítulo 7 Grupos funcionales de 
hormigas: el caso de los gremios del Cerrado. Pages 113-148 in F. Fernández, editor. 
Introducción a las hormigas de la región Neotropical. Instituto de Investigación de 45 
Recursos Biológicos Alexander von Humboldt, Bogotá, Colombia. 
Skutch, A. F. 1985. Clutch Size, Nesting Success, and Predation on Nests of Neotropical 




Smith, M. R., and M. W. Wing. 1954. Redescription of Discothyrea testacea Roger, a little-
known North American ant, with notes on the genus (Hymenoptera: Formicidae). 
Journal of the New York Entomological Society 62:105-112. 
Sodhi, N. S., L. P. Koh, D. M. Prawiradilaga, I. Tinulele, D. D. Putra, and T. H. T. Tan. 2005. 
Land use and conservation value for forest birds in Central Sulawesi (Indonesia). 5 
Biological Conservation 122:547-558. 
Solazzi, M., T. Nickelson, S. Johnson, and J. Rodgers. 2000. Effects of increasing winter 
rearing habitat on abundance of salmonids in two coastal Oregon streams. Canadian 
Journal of Fisheries and Aquatic Sciences 57:906-914. 
Sorensen, T. C., and L. M. Fedigan. 2000. Distribution of three monkey species along a 10 
gradient of regenerating tropical dry forest. Biological Conservation 92:227-240. 
Spänhoff, B., W. Riss, P. Jäkel, N. Dakkak, and E. I. Meyer. 2006. Effects of an experimental 
enrichment of instream habitat heterogeneity on the stream bed morphology and 
chironomid community of a straightened section in a sandy lowland stream. 
Environmental management 37:247-257. 15 
Stanford, B., E. Zavaleta, and A. Millard-Ball. 2018. Where and why does restoration 
happen? Ecological and sociopolitical influences on stream restoration in coastal 
California. Biological Conservation 221:219-227. 
Stark, K. E., A. Arsenault, and G. E. Bradfield. 2006. Soil seed banks and plant community 
assembly following disturbance by fire and logging in interior Douglas-fir forests of 20 
south-central British Columbia. Botany 84:1548-1560. 
Stenbacka, F., J. Hjältén, J. Hilszczański, and M. Dynesius. 2010. Saproxylic and non‐
saproxylic beetle assemblages in boreal spruce forests of different age and forestry 
intensity. Ecological Applications 20:2310-2321. 
Sternberg, D., M. J. Kennard, and S. R. Balcombe. 2014. Biogeographic determinants of 25 
Australian freshwater fish life‐history indices assessed within a spatio‐phylogenetic 
framework. Global Ecology and Biogeography 23:1387-1397. 
Stevenson, T., and J. Fanshawe. 2004. Birds of East Africa: Kenya, Tanzania, Uganda, 
Rwanda, Burundi. A&C Black, London. 
Suding, K., E. Higgs, M. Palmer, J. B. Callicott, C. B. Anderson, M. Baker, J. J. Gutrich, K. 30 
L. Hondula, M. C. LaFevor, and B. M. Larson. 2015. Committing to ecological 
restoration. Science 348:638-640. 
Suding, K. N. 2011. Toward an era of restoration in ecology: successes, failures, and 
opportunities ahead. Annual Review of Ecology, Evolution, and Systematics 42:465-
487. 35 
Suding, K. N., K. L. Gross, and G. R. Houseman. 2004. Alternative states and positive 
feedbacks in restoration ecology. Trends in Ecology & Evolution 19:46-53. 
Suding, K. N., and R. J. Hobbs. 2009. Threshold models in restoration and conservation: a 
developing framework. Trends in Ecology & Evolution 24:271-279. 
Sundermann, A., S. Stoll, and P. Haase. 2011. River restoration success depends on the 40 
species pool of the immediate surroundings. Ecological Applications 21:1962-1971. 
Swenson, N. G. 2011. The role of evolutionary processes in producing biodiversity patterns, 
and the interrelationships between taxonomic, functional and phylogenetic 
biodiversity. American Journal of Botany 98:472-480. 
Telford, S. R. 1969. The Ovarian Cycle, Reproductive Potential, and Structure in a 45 
Population of the Japanese Lacertid Takydromus tachydromoides. Copeia 1969:548-
567. 
Testa, S., F. Douglas Shields, and C. M. Cooper. 2011. Macroinvertebrate response to stream 




Thomas, R., and S. B. Hedges. 1989. A New Celestus (Sauria: Anguidae) from the Chaine de 
la Selle of Haiti. Copeia 1989:886-891. 
Thomaz, S. M., A. A. Agostinho, L. C. Gomes, M. J. Silveira, M. Rejmanek, C. E. Aslan, and 
E. Chow. 2012. Using space‐for‐time substitution and time sequence approaches in 
invasion ecology. Freshwater Biology 57:2401-2410. 5 
Thuiller, W., S. Lavorel, M. T. Sykes, and M. B. Araújo. 2006. Using niche‐based modelling 
to assess the impact of climate change on tree functional diversity in Europe. 
Diversity and Distributions 12:49-60. 
Tscharntke, T., J. M. Tylianakis, T. A. Rand, R. K. Didham, L. Fahrig, P. Batary, J. 
Bengtsson, Y. Clough, T. O. Crist, and C. F. Dormann. 2012. Landscape moderation 10 
of biodiversity patterns and processes‐eight hypotheses. Biological Reviews 87:661-
685. 
Tullos, D. D., D. L. Penrose, G. D. Jennings, and W. G. Cope. 2009. Analysis of functional 
traits in reconfigured channels: implications for the bioassessment and disturbance of 
river restoration. Journal of the North American Benthological Society 28:80-92. 15 
Vallan, D. 2002. Effects of anthropogenic environmental changes on amphibian diversity in 
the rain forests of eastern Madagascar. Journal of Tropical Ecology 18:725-742. 
van Zyll De Jong, M. C., I. G. Cowx, and D. A. Scruton. 1997. An evaluation of instream 
habitat restoration techniques on salmonid populations in a Newfoundland stream. 
River Research and Applications 13:603-614. 20 
Vasconcelos, H. L. 1999. Effects of forest disturbance on the structure of ground-foraging ant 
communities in central Amazonia. Biodiversity & Conservation 8:407-418. 
Veddeler, D., C. H. Schulze, I. Steffan-Dewenter, D. Buchori, and T. Tscharntke. 2005. The 
contribution of tropical secondary forest fragments to the conservation of fruit-feeding 
butterflies: effects of isolation and age. Biodiversity & Conservation 14:3577-3592. 25 
Verberk, W. C. E. P., C. G. E. Van Noordwijk, and A. G. Hildrew. 2013. Delivering on a 
promise: integrating species traits to transform descriptive community ecology into a 
predictive science. Freshwater Science 32:531-547. 
Villéger, S., N. W. H. Mason, and D. Mouillot. 2008. New multidimensional functional 
diversity indices for a multifaceted framework in functional ecology. Ecology 30 
89:2290-2301. 
Violle, C., M.-L. Navas, D. Vile, E. Kazakou, C. Fortunel, I. Hummel, and E. Garnier. 2007. 
Let the Concept of Trait Be Functional! Oikos 116:882-892. 
Vitt, L. J., and J. P. Caldwell. 2013. Herpetology: an introductory biology of amphibians and 
reptiles. Academic Press, Cambridge. 35 
von Henglin, M. T. 1871. Ornithologie Nordost-Afrikas. Theodor Fischer, Rome. 
Wainwright, C. E., T. L. Staples, L. S. Charles, T. C. Flanagan, H. R. Lai, X. Loy, V. A. 
Reynolds, M. M. Mayfield, and M. Cadotte. 2018. Links between community ecology 
theory and ecological restoration are on the rise. Journal of Applied Ecology 55:570-
581. 40 
Walker, B., A. Kinzig, and J. Langridge. 1999. Plant attribute diversity, resilience, and 
ecosystem function: the nature and significance of dominant and minor species. 
Ecosystems 2:95-113. 
Walker, S., A. L. Brower, R. T. T. Stephens, and W. G. Lee. 2009. Why bartering 
biodiversity fails. Conservation Letters 2:149-157. 45 
Wallace, K., D. C. Laughlin, and B. D. Clarkson. 2017. Exotic weeds and fluctuating 
microclimate can constrain native plant regeneration in urban forest restoration. 




Waltert, M., A. Mardiastuti, and M. Mühlenberg. 2005. Effects of deforestation and forest 
modification on understorey birds in Central Sulawesi, Indonesia. Bird Conservation 
International 15:257-273. 
Walther, D. A., and M. R. Whiles. 2008. Macroinvertebrate responses to constructed riffles in 
the Cache River, Illinois, USA. Environmental management 41:516-527. 5 
Ward, P. S. 1988. Mesic elements in the western Nearctic ant fauna: taxonomic and 
biological notes on Amblyopone, Proceratium, and Smithistruma (Hymenoptera: 
Formicidae). Journal of the Kansas Entomological Society 61:102-124. 
Ward, P. S., and B. L. Fisher. 2016. Tales of dracula ants: the evolutionary history of the ant 
subfamily Amblyoponinae (Hymenoptera: Formicidae). Systematic Entomology 10 
41:683-693. 
Wetterer, J. K. 2009. Worldwide spread of the penny ant, Tetramorium bicarinatum 
(Hymenoptera: Formicidae). Sociobiology 54:811. 
Wickham, H. 2009. ggplot2: elegant graphics for data analysis. Springer, New York. 
Wijesinghe, M. R., and M. d. L. Brooke. 2005. Impact of habitat disturbance on the 15 
distribution of endemic species of small mammals and birds in a tropical rain forest in 
Sri Lanka. Journal of Tropical Ecology 21:661-668. 
Willett, T. R. 2001. Spiders and Other Arthropods as Indicators in Old‐Growth Versus 
Logged Redwood Stands. Restoration Ecology 9:410-420. 
Wilson, E. O. 1959. Communication by tandem running in the ant genus Cardiocondyla. 20 
Psyche 66:29-34. 
Winking, C., A. W. Lorenz, B. Sures, and D. Hering. 2014. Recolonisation patterns of 
benthic invertebrates: a field investigation of restored former sewage channels. 
Freshwater Biology 59:1932-1944. 
Wolter, C. 2010. Functional vs scenic restoration–challenges to improve fish and fisheries in 25 
urban waters. Fisheries Management and Ecology 17:176-185. 
Woodward, G., B. Ebenman, M. Emmerson, J. M. Montoya, J. M. Olesen, A. Valido, and P. 
H. Warren. 2005. Body size in ecological networks. Trends in Ecology & Evolution 
20:402-409. 
Wu, D.-L., J. Luo, and B. J. Fox. 1996. A comparison of ground-dwelling small mammal 30 
communities in primary and secondary tropical rainforests in China. Journal of 
Tropical Ecology 12:215-230. 
Yu, G.-a., Z.-Y. Wang, K. Zhang, X. Duan, and T.-C. Chang. 2010. Restoration of an incised 
mountain stream using artificial step-pool system. Journal of Hydraulic Research 
48:178-187. 35 
Zhu, Q.-P., M.-Y. Zhu, Y.-C. Hu, X.-Y. Zhang, G.-H. Ding, and Z.-H. Lin. 2015. Age-related 
habitat selection by brown forest skinks (Sphenomorphus indicus). Zoological 
Research 36:29-33. 
Zika, U., and A. Peter. 2002. The introduction of woody debris into a channelized stream: 







Appendix A. Study details 
 
In Appendix A, details are reported for each of the 30 original datasets incorporated in my 
meta-analysis, arranged by taxonomic group. For each taxonomic group, supplementary 
tables report the proportion of species for which trait data were estimated (and where 5 
necessary, aggregated) at a higher taxonomic level than species were reported in original 
publications. A species is reported as having its trait data estimated if one or more traits (of 
up to 95 traits) for that species were estimated using data from a higher taxonomic level. 
Therefore, the reported proportion of trait data estimated does not typically apply to every 
trait, so the total proportion of all trait data estimated is less than this reported value (i.e. it is 10 
the reported value multiplied by the proportion of traits for which these values were 
estimated). In Tables S1 and S4 (for ant and macroinvertebrate studies, respectively), the 
‘number of taxa retained’ refers to the number of taxa retained in the species list without 
undergoing aggregation, because those taxa were unique in their traits (i.e. the values of each 




Trait data for the three datasets examining the effect of restoration on ant communities (all 
from the meta-analysis of Curran et al. 2014) were acquired primarily from Silvestre et al. 20 
(2003). Where gaps remained (individual trait by species combinations), these were filled 
first from Hölldobler and Wilson (1990), and thereafter from a range of existing published 
literature (outlined per study below) and AntWeb (available from https://www.antweb.org). 




(available from http://www.antwiki.org). Where traits for multiple taxa were estimated at a 
common higher taxonomic level than that reported in the original study, taxa were aggregated 
into one group to be included in analyses (see ‘Data extraction and collection – trait data’ in 
Methods). 
 5 
Table S1. Summary of taxa lists in ant studies and the proportion of trait data estimated 
(and aggregated) at higher taxonomic levels than originally reported. 
Study Initial number 
of taxa 
Number of  
taxa retained 
Number of  
taxa aggregated 
Number of 
unique groups  
of aggregated taxa 
Final number  
of taxa 
Bihn et al. (2008) 40 40 0 NA 40 
Gove et al. (2005) 41 27 14 7 34 
Roth et al. (1994) 37 24 12 5 29 
 
Bihn et al. (2008) 
 10 
Bihn et al. (2008) compared the richness and composition of ant assemblages in the Atlantic 
forest in southern Brazil. Twenty-seven sites were established along a chronosequence (5, 
12.5 and 42.5 years after abandonment) of forest and these compared to pasture sites as 
negative controls. Sites were blocked by soil type (Cambisol and Gleysol) and samples 
collected from litter and soil. At four of the 27 sites, only litter samples were collected; for 15 
consistency, I included only the 23 sites where taxa lists were derived from samples of 
species occupying soil and litter. 
 
An alternative to this would have been to include all 27 sites but use samples collected in soil 
only (i.e. exclude the 23 litter samples). However, exploring this option revealed that of the 20 
four sites that would have remained, two would be excluded from analyses because species 




approach therefore maximised both the quality and quantity of data kept for this study whilst 
adhering to my inclusion criteria. 
 
Most trait data were filled by Silvestre et al. (2003), and the gaps that remained were filled 
using data from Smith and Wing (1954), Brown Jr and Kempf (1969), Krombein et al. 5 
(1979), Fowler (1985), Ito (1991), Galvis and Fernández (2009), Moffett (2010), Ward and 
Fisher (2016) and AntWeb (available at https://www.antweb.org). 
 
Gove et al. (2005) 
 10 
This study was undertaken in the central coastal plain of Veracruz, Mexico, and the diversity 
of ant communities quantified for three each of passively restoring, primary forest (positive 
control) and pasture (negative control) sites. Restoring sites had been previously cleared for 
agriculture or grazing and subsequently abandoned. Sampling occurred in November 2001 
and March 2002, 15 and 15.25 years after restoration. Data were supplied for both pitfall 15 
traps and arboreal samples, but as arboreal samples were not available for all treatments (i.e. 
not possible for pasture) I used only the data from pitfall traps. In addition to these nine sites, 
communities were also sampled on remnant trees within pasture sites. Sites can only be 
included as negative controls if it can be assumed that the characteristics of those sites reflect 
the characteristics of restored sites had they not been restored. Without data disclosing 20 
whether the vegetation in restored sites is ‘remnant’ or not (i.e. whether it was present before 
abandonment), I cannot say with confidence that the ant communities of isolated remnant 
trees reflect those of the restored sites if they were still being used for agriculture, therefore 





Missing body sizes were estimated from scale specimen photos on AntWiki (available from 
http://www.antwiki.org), and other gaps filled from Philpott et al. (2008). Some ant species 
were common to multiple datasets, so gaps in trait data for Gove et al. (2005) were filled 
from sources mentioned for Bihn et al. (2008) and Roth et al. (1994). 
 5 
Roth et al. (1994) 
 
Roth et al. studied the diversity of ant communities in two restoring sites (24 years after 
abandonment of cacao plantation practices), four productive cacao sites (negative controls) 
and three sites in primary forests (positive controls) in the Sarapiquí Valley of Costa Rica. 10 
Data were also reported for two productive banana plantations, but these were not deemed 
suitable negative controls for the two abandoned cacao sites so were excluded from my 
analyses. 
 
Silvestre et al. (2003) was supplemented with trait data from Wilson (1959), Brown (1963), 15 
Ward (1988), Beckers et al. (1989), Fowler and Delabie (1995), Collingwood et al. (1997), 




For both Aerts et al. (2008) and O’Dea and Whittaker (2007), data for the habitat and 
dispersal trait classes were acquired from BirdLife International Data Zone (BirdLife 
International 2017). As the sites in both studies were terrestrial-based, marine habitat 




habitats in the narrower categories outlined in this source (see 
http://datazone.birdlife.org/species/spchabalt), apart from the nine artificial aquatic 
landscapes, which were also collapsed into one variable. All habitat traits were coded by 
importance as ‘suitable’, ‘major’, ‘marginal’ or ‘not suitable’ and were thus included as 
categorical variables in functional diversity calculations. 5 
 
Where ecozones or ecosystems were not stated explicitly for a given species on the BirdLife 
International factsheet, the ecosystem was inferred from the level 1 and 2 habitats occupied 
(e.g. if permanent freshwater marshes and ponds were deemed as ‘suitable’ habitats for a 
given species, the ‘freshwater’ ecosystem was deemed suitable, and ecozones (e.g. 10 
Afrotropical, Palearctic, Nearctic) were determined by the map provided on the BirdLife 
International factsheet if not stated explicitly.  
 
Table S2. Summary of taxa lists in bird studies and the proportion of trait data 
estimated at higher taxonomic levels than originally reported. 15 
Study Number of taxa with trait data 
from correct taxonomic level 
Number of taxa with trait 
data estimated  
Total number  
of taxa 
Aerts et al. (2008) 145 25 170 
O’Dea and 
Whittaker (2007) 
177 34 201 
 
Aerts et al. (2008) 
 
This study compared avian communities in forest fragments, grazing exclosures (10-year-old 
forest restoration areas without wood extraction and grazing livestock) and adjacent grazing 20 
lands in northern Ethiopia. Aerts et al. measured 277 one-hour species counts across 47 sites, 




restored sites, three degraded control sites and ten positive control sites), as the remainder did 
not meet my previously outlined selection criteria. 
 
As sampling effort (i.e. the number of timed species counts) was uneven across the 18 sites 
relevant for my work (range, 10-29; median, 15.50), it was necessary to take further steps to 5 
minimise any possible biases this unevenness may cause in the calculation of diversity 
metrics (Gotelli and Colwell 2001). To do this, for each site I randomly sampled 10 counts 
(the minimum number of counts across the 18 sites) and took the sum of these counts for 
each species to determine their abundance. This step was repeated 1000 times per site, and 
for each repetition I calculated functional diversity metrics following the steps outlined in the 10 
‘Functional diversity calculations’ section of the main text. I then took a median value of all 
diversity measures (functional richness, evenness and dispersion as well as species richness) 
from the 1000 repetitions for each site. Aggregating the simulated data after calculating 
functional diversity ensures that all simulated data are scaled in the same space. From here, I 
then used these data alongside the remainder of my functional diversity data to test my 15 
research questions. 
 
Trait data for body dimensions, diet, phenology, and reproduction were extracted from 
Brown et al. (1982) and habitat, migration and range trait data from BirdLife International 
(2017). Where bill length was not provided in Brown et al. (1982), values were estimated 20 
from scaled drawings in the Handbooks of the Birds of the World (Del Hoyo et al. 1992). The 
majority of data were extracted from these sources, but the missing values were filled by a 
range of published literature (von Henglin 1871, Dresser 1881, Salvadori 1891, Harrison 
1975, Del Hoyo et al. 1992, Pol 2001, Stevenson and Fanshawe 2004, Ash and Atkins 2010, 





O’Dea and Whittaker (2007) 
 
O’Dea and Whittaker (2007) examined the richness and diversity of bird communities in 
threatened forest habitats of the tropical Andes, northern Ecuador. They used data from a 5 
point count survey of 300 counts at 150 sites (41 passively restored sites, 60 degraded 
negative control sites and 49 positive control sites), 75 in each of the Maquipucuna and Santa 
Lucia Reserves and adjacent lands. The 41 restoring sites were 15- to 20-year-old stands 
regenerating from abandoned agricultural lands. Trait data were extracted from Brown et al. 
(1982) and habitat, migration and range data from BirdLife International (2017). The 10 
majority of data were extracted from these sources, but the missing values (particularly for 
weights and clutch size) were filled by a range of existing published literature as well as the 
Handbook of the Birds of the World website (Sclater 1879, Skutch 1985, Hilty and Brown 
1986, Greeney 1999, 2005, Greeney et al. 2005, Greeney and Gelis 2008, Jetz et al. 2008, 
Greeney et al. 2009, Dyrcz and Greeney 2010, Greeney et al. 2010a, Greeney et al. 2010b).  15 
 
For two species, Geothlypsis semiflava and Psarocolius angustifrons, the relevant Handbook 
of the Birds of the World specified the lower altitudinal limit as ‘lowland’ but did not specify 
this in metres.  Because many other species found at these sites had values for their lower 




Trait data for studies measuring the response of fish communities to restoration (all from Kail 




United States (Edwards et al. 1984, Moerke and Lamberti 2003, Shields et al. 2006, Schwartz 
and Herricks 2007, Baldigo and Warren 2008) were extracted from the FishTraits database 
www.fishtraits.info (Frimpong and Angermeier 2009); data for the three European studies 
(Langler and Smith 2001, Wolter 2010, Lüderitz et al. 2011) primarily from Schmidt-Kloiber 
and Hering (2015) and data for the one Australasian study (Bond and Lake 2005) from 5 
Sternberg et al. (2014) and Froese and Pauly (2012).  
 
Table S3. Summary of taxa lists in fish studies and the proportion of trait data 
estimated at higher taxonomic levels than originally reported. 
Study Number of taxa with trait data 
from correct taxonomic level 
Number of taxa with 
trait data estimated  
Total number  
of taxa 
Baldigo and Warren (2008) 18 1 19 
Bond and Lake (2005) 6 0 6 
Edwards et al. (1984) 43 0 43 
Langler and Smith (2001) 10 0 10 
Lüderitz et al. (2011)  39 0 39 
Moerke and Lamberti (2003) 15 1 16 
Schwartz and Herricks (2007) 12 0 12 
Shields et al. (2006) 31 1 32 
Wolter (2010) 25 0 25 
 10 
Baldigo and Warren (2008) 
 
Baldigo and Warren (2008) compared fish population densities in three study streams of the 
Catskill Mountains (New York, United States) following the implementation of several 
natural channel design (NCD) restoration demonstration projects. Restored, negative control 15 
and positive control reaches in each study stream were repeatedly sampled up to six years 
after restoration. 
 





This study examined the response of fish populations to wood addition to two streams in 
south-eastern Australia that have been impacted by a large build-up of sediment from human-
induced erosion. Manipulated sites had either one or four timber structures added, and these 
were compared with negative control sites four, six and 12 months after restoration. Trait data 
for native species (four) were acquired from Sternberg et al. (2014) and for invasive species 5 
(two) from Froese and Pauly (2012).  
 
Edwards et al. (1984) 
 
Edwards et al. studied the mitigating effects of artificial riffles and pools on fish communities 10 
in the Olentangy River at Columbus, Ohio, United States. Sampling occurred five, six and 
seven years after habitat manipulation in a natural control site, a mitigated channelised site 
(where riffles and pools were created) and an unmitigated channelised site. 
 
Langler and Smith (2001) 15 
 
In this study, the effectiveness of habitat restoration measures (creation of bays and grading 
of banks) on fish assemblages was examined in the Huntspill River in Somerset, England. 
Communities sampled in four manipulated sections (two each of one and two years since 
restoration) were compared with four control sections in the river. 20 
 
The species list reported in this study included a hybrid (Rutilus rutilus × Abrama brama), 
and my trait source did not report trait data for any hybrids. Of the 22 binary traits acquired 
from Schmidt-Kloiber and Hering (2015) (see Table S14 in Appendix B), 17 values were 




‘1’ recorded for any of the remaining binary traits, I recorded a ‘1’ for the hybrid recorded in 
this study.  
 
Lüderitz et al. (2011)  
 5 
This study measured the success of structural improvements in improving biodiversity in the 
Main and Rodach rivers in Northern Bavaria, Germany, as compared with a positive control 
and negative control reach per river. 
 
Information on the habitat guild and spawning guild of each species was provided in the 10 
original publication, so these data were used and supplemented with data from Schmidt-
Kloiber and Hering (2015) for functional analyses. Spawning guild was categorised as: 
lithophilic, litho-pelagophilic, marin, ostracophilic, phythophilic, phytho-lithophilic, 
psammophilic or speleophilic, and habitat guild as rheophil, stagnophil or indifferent. Other 
gaps were filled from Leonardos et al. (2008), Konečná and Reichard (2011), Sigsgaard et al. 15 
(2015). 
 
Moerke and Lamberti (2003) 
 
This study evaluated the responses of fish communities to restoration efforts (creation of new 20 
meanders) in two channelised streams (Juday Creek and Potato Creek) in northwestern 
Indiana. Fish communities in both streams were sampled three times in the 34 months 




richness was reported as common, rare or absent, rather than as qualitative numeric data, so 
data were converted to presence-absence data for my analyses to avoid ambiguity. Therefore, 
this dataset was excluded from tests of species evenness. 
 
Schwartz and Herricks (2007) 5 
 
Schwartz and Herricks evaluated the effect of pool-riffle naturalisation structures on the fish 
community in a 620 m reach of the North Branch of the Chicago River in Northbrook, 
Illinois, United States. Communities were surveyed two and 13 months after modification, 
and restored sites compared against positive and negative control sites. 10 
 
Shields et al. (2006) 
 
Shields et al. evaluated the effects of large wood addition for habitat rehabilitation on fish 
communities in Little Topashaw Creek, Mississippi, United States. Sampling occurred at the 15 
time of manipulation and four years later, in the restored reach as well as in reaches upstream 
and downstream of the site. The few species by trait combinations not available in the 
FishTraits database were filled from Lindquist and Page (1984) and NatureServe (2013). 
 
Wolter (2010) 20 
 
This study assessed the recovery of fish communities in two restoration projects, in the 




negative control sites in both Müggelspree and Spree rivers, one and two years after 
restoration, respectively. 
 
Information on the flow preference and spawning preference of each species was provided in 
the original publication, so these data were used and supplemented with data from Schmidt-5 
Kloiber and Hering (2015) for functional analyses. Spawning preference was categorised as: 
ariadnophilic, lithophilic, ostracophilic, phythophilic, phytho-lithophilic, pelagophilic or 
psammophilic, and flow preference as rheophilic, limnophilic or eurotopic. 
 
Although Wolter (2010) collected multiple samples through time for some sites, all but one 10 
sampling occasion occurred before restoration commenced. As explained in ‘Data extraction 
and collection – species data’ in my Methods chapter, I excluded all pre-restoration sampling 
data. Therefore, this study was treated as space-for-time rather than longitudinal for the 




As it was not possible to acquire complete region-specific trait data for this taxon, trait data 
for the 11 datasets examining the effect of restoration on freshwater macroinvertebrate 
communities (all from the meta-analysis of Kail et al. 2015) were acquired from Bis and 20 
Usseglio-Polatera (2004). In this source, each taxon was assigned a score describing its 






Table S4. Summary of taxa lists in macroinvertebrate studies and the proportion of 
trait data estimated (and aggregated) at higher taxonomic levels than originally 
reported. 
Study Initial number 
of taxa 
Number of  
taxa retained 
Number of  
taxa aggregated 
Number of 
unique groups  
of aggregated taxa 




104 40 64 15 55 
Gørtz (1998) 87 43 44 8 51 
Lorenz et al. (2009) 140 76 64 25 101 
Lüderitz et al. (2011) 155 83 72 19 102 
Nakano and Nakamura 
(2006) 
48 31 17 6 37 
Pedersen et al. (2007) 134 78 56 21 99 
Pretty and Dobson 
(2004) 
105 65 40 14 79 
Purcell et al. (2002) 34 30 4 2 32 
Testa et al. (2011) 149 73 76 22 95 
Walther and Whiles 
(2008) 
92 57 35 13 70 
 5 
Ebrahimnezihad and Harper (1997)  
 
This study compared the diversity of macroinvertebrate communities in three artificially 
constructed riffles, three original channelised stretches and a natural control riffle in 





This study compared the macroinvertebrate fauna of three restored and two reference sections 15 
of the River Esrom in Zealand, Denmark, collecting kick samples four and five years after 




concentrators). In addition to kick samples collected from all five sites, rock samples were 
collected for all but one; for consistency, species lists were compiled from kick sample data 
only. 
 
Lorenz et al. (2009) 5 
 
Lorenz et al. assessed the effectiveness of re-meandering restoration projects in two German 
lowland rivers, the Schwalm and the Gartroper Mühlenbach, with sampling taking place 10 
and two years after project initiation, respectively. Macroinvertebrate communities in both 
rivers were compared with the communities in straightened (i.e. not re-meandered) sites in 10 
both rivers. 
 
Lüderitz et al. (2011) 
 
This study measured the success of structural improvements in improving biodiversity in the 15 
Main and Rodach rivers in Northern Bavaria, Germany, as compared with a negative control 
reach per river. 
 
Nakano and Nakamura (2006) 
 20 
Sampling for this study was conducted in a channelised segment of the Shibetsu River in 
Eastern Hokkaido Island, Northern Japan. Sampling of macroinvertebrate communities 




control against which to compare two restored sites: one where meanders had been 
reconstructed and the other where groynes had been installed. A groyne is an in-stream 
structure projecting from a bank into the stream to manipulate the current, intended to 
enhance transportation and protect banks. 
 5 
Pedersen et al. (2007) 
 
This study evaluated the short-term effects of the restoration of the Skjern River (Denmark), 
which entailed re-meandering, creation of riffles and substantial alterations to morphological 
cross-sectional profiles. Four reaches (three restored and one negative control) were sampled 10 
in 2000 and 2003 and the macroinvertebrate communities compared therein. 
 
Pretty and Dobson (2004) 
 
This study investigated the response of aquatic invertebrates to log additions (to increase 15 
detritus retention) in streams in Kielder Forest (Northumberland, United Kingdom). Sampling 
took place three, six, nine, 13, 16 and 19 months after manipulation, and the 
macroinvertebrates of restored sites were compared with unmanipulated negative controls in 
each stream. 
 20 





Purcell et al. assessed a small urban stream restoration project in Baxter Creek, El Cerrito 
(California, United States). This project involved opening a previously culverted channel, 
planting riparian vegetation, and adding in-stream step-pool sequences and sinuosity. The 
restored site and negative control site in Baxter Creek were compared to the nearby 
Strawberry Creek, deemed to have the ‘best attainable conditions’ for this site. 5 
 
Testa et al. (2011) 
 
This study examined the aquatic macroinvertebrate community response to the addition of 
large wood to Little Topashaw Creek, a fourth-order stream in north-central Mississippi, 10 
United States. Two restored sub-reaches were compared with one upstream positive control 
sub-reach and to two downstream negative control sub-reaches. Samples were collected nine, 
12 and 21 months after restoration. 
 
Walther and Whiles (2008) 15 
 
Walther and Whiles sampled macroinvertebrate communities in response to constructed 
riffles (rock weirs) in the Cache River, Illinois, United States. Three newly constructed rock 
weirs were compared with two unrestored negative control sites and to two old rock weirs 
(treated as positive controls), and samples collected three, six, nine and 12 months after 20 
restoration. Samples were collected from the stream bed and from snags (fallen trees in the 
river), but only the stream bed samples were included, as these were deemed to be more 







For the four datasets that evaluated the recovery of plant communities following restoration, in both 
terrestrial (Kardol et al. 2005, Piqueray et al. 2011) and freshwater (Clarke and Wharton 2000, 5 
Lüderitz et al. 2011) realms, trait data were acquired from the TRY database (Kattge et al. 2011). Due 
to the sheer volume of trait data in the TRY database, as well as discrepancies in information between 
the databases contained therein, I acquired data for each trait class from a single database within TRY 
for all studies. These are as follows: trait data for body dimensions, dispersal and phenology trait 
classes were acquired from the LEDA traitbase (Kleyer et al. 2008), data for feeding and reproduction 10 
trait classes from the ecological flora database (Fitter and Peat 1994) and data for the habitat 
preferences trait class from (Hill et al. 2004).  
 
Table S5. Summary of taxa lists in plant studies and the proportion of trait data 
estimated at higher taxonomic levels than originally reported. 15 
 
Study Number of taxa with trait data 
from correct taxonomic level 
Number of taxa with 
trait data estimated  
Total number  
of taxa 
Clarke and Wharton (2000) 97  3 100 
Kardol et al. (2005)  127 8 135 
Lüderitz et al. (2011) 11 0 11 
Piqueray et al. (2011)  191 13 204 
 
 
Clarke and Wharton (2000) 
 20 
Clarke and Wharton (2000) investigated macrophyte communities following habitat 




Lincolnshire, United Kingdom. Marginal and riparian vegetation were sampled in ten each of 
enhanced and conventionally-engineered reaches, five years after restoration.  
 
Of the species surveyed in this study, 93.5% were vascular plants, and the remainder (seven 
of 107 species) were non-vascular plants (algae or mosses). Although well-documented 5 
relationships exist between vascular and non-vascular plants and how they respond to 
environmental change (Cornelissen et al. 2001), they contribute differently to the functioning 
of ecosystems (Dı́az and Cabido 2001, Rice et al. 2008); for this reason I included only 
vascular plants in my analyses of this study. The seven taxa excluded were Amblystegium 
fluviatile, Amblystegium riparium, Cladophora glomerata agg., Enteromorpha, Plagiomnium 10 
undulatum, Rhychostegium ripariodes and Sphagnum spp. 
 
Kardol et al. (2005)  
 
Kardol et al. studied plant community development on a chronosequence of 26 ex-arable sites 15 
(ranging from 1 to 34 years since cultivation abandonment) in the Netherlands. These sites 
were compared against three agricultural fields (negative controls) and three semi-natural 
sites (positive controls).  
 
As the three negative control sites were monocultures (wheat or maize), species richness was 20 
too low for functional diversity to be calculated for these sites. Without negative controls to 
compare with, I could not include the restored (i.e. ex-arable) sites in analyses of the effect of 
restoration on species and functional diversity. I included the species diversity and functional 




between species diversity and functional diversity, as restoration was not considered in these 
models. 
 
Lüderitz et al. (2011)  
 5 
This study measured the success of structural improvements in improving biodiversity in the 
Main and Rodach rivers in Northern Bavaria, Germany, as compared with a negative control 
reach per river. 
 
Piqueray et al. (2011)  10 
 
This study compared vascular plant communities in 12 grasslands restored from forest stands 
(half from pine stands and half from oak coppices) to eight reference grasslands (positive 
controls) and eight pre-restoration forest stands (negative controls) in the Viroin Valley and 
the Lesse and Lomme Valleys in the Belgian region of Wallonia. The 12 restored sites were 15 
equally distributed across three age classes: 2-4 years, 5-8 years and 10-15 years. Data were 
reported as presence-absence rather than abundance, so this study was not included when 




For the final two studies included in my meta-analysis, I could not find a primary published 




be due in part to the studies having been conducted in areas less documented (Dominican 
Republic and rural northern India). Therefore, trait data were acquired mainly from online 
sources, with information standardised within traits and within taxonomic groups as much as 
possible.  
 5 
Table S6. Summary of taxa lists in reptile studies and the proportion of trait data 
estimated (and aggregated) at higher taxonomic levels than originally reported. 
Study Number of taxa with trait data 
from correct taxonomic level 
Number of taxa with 
trait data estimated  
Total number  
of taxa 
Glor et al. (2001)  3 9 12 
Pawar et al. (2004) 9 7 16 
 
 
Glor et al. (2001)  10 
 
This study surveyed the diversity of lizard fauna (using glue traps) in two active cacao sites (negative 
controls), two restored sites (previously active cacao plantations abandoned 80 years prior) and two 
forest sites (positive controls) in Los Haitises National Park and the surrounding region in the 
Dominican Republic.  15 
 
Sampling also occurred in oil palm plantations (three sites), home gardens (12 sites), mogote hilltops 
(four sites) and pasture sites (one active and three abandoned). Although the active pasture site could 
act as a negative control for the three abandoned (i.e. passively restored) pasture sites, species 
richness was too low to calculate functional diversity in the active site and it was therefore excluded 20 
from analyses. Without a pre-abandonment negative control for comparison, the three abandoned 
pasture sites were also excluded to adhere to this selection criterion, as were the home garden sites. 




used as additional negative and positive control sites, respectively, so I did not include these in my 
analyses. 
 
The traits for Anolis sp. were taken to be the mean (or mode, in the cases of categorical variables) of 
all species within that genus. Species-specific sources of trait data are reported in Table S7. 5 
 
Pawar et al. (2004) 
 
Pawar et al. (2004) studied the recovery of lizard communities in Mizoram, Northeast India. Five 
previously-cultivated restoring sites were sampled (five to 35 years after abandonment) and compared 10 
with three mature forest (positive control) sites and two negative control sites. Data were also 
collected for two teak plantation sites, but these were deemed unfit to include as controls for the 
restoring sites, because they did not represent the state that the restored sites would have been in had 
no restoration actions been taken. This study also surveyed amphibian communities, but because my 
selection criteria necessitated having multiple datasets of a given taxa for study inclusion, only data 15 
from reptile communities were included in my analyses. Data were reported as presence-absence 
rather than abundance, so this study was not included in models including species evenness or 
functional evenness. 
 
The traits for Mabuya sp. were taken to be the mean (or mode if trait was categorical) value of 20 
Mabuya macularia and Mabuya multifasciata, and for Ptyctolaemus gularis the mean (or mode if trait 
was categorical) value of all species in the same family (Agamidae): Draco maculatus, Calotes 




Table S7. Sources of trait data for each species in Glor et al. (2001). 
Species Vertical foraging stratum 
(Habitat) 
Diet (Diet) Diel (Phenology)  Maximum adult body size 
(Body Dimensions) 
Number of offspring/eggs 










































































Anolis sp. Sources for A. baleatus, A. 
chlorocyanus, A. cybotes, A. 
distichus and A. semilineatus 
Sources for A. baleatus, A. 
chlorocyanus, A. cybotes, A. 
distichus and A. semilineatus 
Sources for A. baleatus, A. 
chlorocyanus, A. cybotes, A. 
distichus and A. semilineatus 
Sources for A. baleatus, A. 
chlorocyanus, A. cybotes, A. 
distichus and A. semilineatus 
Sources for A. baleatus, A. 
chlorocyanus, A. cybotes, A. 


















Thomas and Hedges (1989) Vitt and Caldwell (2013) 
Epicrates 
striatus 
Brooks and McLennan 
(2012) 



















































Table S8. Sources of trait data for each species in Pawar et al. (2004). 
Species Vertical foraging stratum 
(Habitat) 
Diet (Diet) Diel (Phenology) Snout to vent length (Body 
Dimensions) 
Number of offspring/eggs 









































































































Mabuya sp.  Sources for Mabuya 
macularia and Mabuya 
multifasciata 
Sources for Mabuya 
macularia and Mabuya 
multifasciata 
Sources for Mabuya 
macularia and Mabuya 
multifasciata 
Sources for Mabuya 
macularia and Mabuya 
multifasciata 
Sources for Mabuya 


























Sources for Draco 
maculatus, Calotes 
versicolor and Calotes 
emma. 
Sources for Draco 
maculatus, Calotes 
versicolor and Calotes emma. 
Sources for Draco 
maculatus, Calotes 
versicolor and Calotes emma. 
Sources for Draco 
maculatus, Calotes 
versicolor and Calotes emma. 
Sources for Draco 
maculatus, Calotes 





































































Appendix B. Species traits by taxa 
 





Class Trait type Trait Type Units Taxon Primary Data Source Study 
body dimensions maximal potential size  0.25 cm bounded discrete  macroinvertebrates Bis and Usseglio-Polatera (2004) all 
body dimensions maximal potential size 0.25 - 0.5 cm bounded discrete  macroinvertebrates Bis and Usseglio-Polatera (2004) all 
body dimensions maximal potential size 0.5 - 1 cm bounded discrete  macroinvertebrates Bis and Usseglio-Polatera (2004) all 
body dimensions maximal potential size 1 - 2 cm bounded discrete  macroinvertebrates Bis and Usseglio-Polatera (2004) all 
body dimensions maximal potential size 2 - 4 cm bounded discrete  macroinvertebrates Bis and Usseglio-Polatera (2004) all 
body dimensions maximal potential size 4 - 8 cm bounded discrete  macroinvertebrates Bis and Usseglio-Polatera (2004) all 
body dimensions maximal potential size > 8 cm bounded discrete  macroinvertebrates Bis and Usseglio-Polatera (2004) all 
diet feeding habits absorber bounded discrete  macroinvertebrates Bis and Usseglio-Polatera (2004) all 
diet feeding habits deposit feeder bounded discrete  macroinvertebrates Bis and Usseglio-Polatera (2004) all 
diet feeding habits shredder bounded discrete  macroinvertebrates Bis and Usseglio-Polatera (2004) all 
diet feeding habits scraper bounded discrete  macroinvertebrates Bis and Usseglio-Polatera (2004) all 
diet feeding habits filter feeder bounded discrete  macroinvertebrates Bis and Usseglio-Polatera (2004) all 
diet feeding habits piercer (plants or animals) bounded discrete  macroinvertebrates Bis and Usseglio-Polatera (2004) all 
diet feeding habits predator (carver/engulfer/swallower) bounded discrete  macroinvertebrates Bis and Usseglio-Polatera (2004) all 
diet feeding habits parasite bounded discrete  macroinvertebrates Bis and Usseglio-Polatera (2004) all 
dispersal locomotion and substrate relation flier bounded discrete  macroinvertebrates Bis and Usseglio-Polatera (2004) all 
dispersal locomotion and substrate relation surface swimmer bounded discrete  macroinvertebrates Bis and Usseglio-Polatera (2004) all 
dispersal locomotion and substrate relation full water swimmer bounded discrete  macroinvertebrates Bis and Usseglio-Polatera (2004) all 
dispersal locomotion and substrate relation crawler bounded discrete  macroinvertebrates Bis and Usseglio-Polatera (2004) all 
dispersal locomotion and substrate relation burrower (epibenthic) bounded discrete  macroinvertebrates Bis and Usseglio-Polatera (2004) all 
dispersal locomotion and substrate relation interstitial (endobenthic) bounded discrete  macroinvertebrates Bis and Usseglio-Polatera (2004) all 
dispersal locomotion and substrate relation temporary attached bounded discrete  macroinvertebrates Bis and Usseglio-Polatera (2004) all 
dispersal locomotion and substrate relation permanently attached bounded discrete  macroinvertebrates Bis and Usseglio-Polatera (2004) all 
habitat transversal distribution river channel bounded discrete  macroinvertebrates Bis and Usseglio-Polatera (2004) all 
habitat transversal distribution banks, connected side-arms bounded discrete  macroinvertebrates Bis and Usseglio-Polatera (2004) all 
habitat transversal distribution ponds, pools, disconnected side-arms bounded discrete  macroinvertebrates Bis and Usseglio-Polatera (2004) all 
habitat transversal distribution marshes, peat bogs bounded discrete  macroinvertebrates Bis and Usseglio-Polatera (2004) all 
habitat transversal distribution temporary waters bounded discrete  macroinvertebrates Bis and Usseglio-Polatera (2004) all 
habitat transversal distribution lakes bounded discrete  macroinvertebrates Bis and Usseglio-Polatera (2004) all 
habitat transversal distribution groundwaters bounded discrete  macroinvertebrates Bis and Usseglio-Polatera (2004) all 
phenology life cycle duration  1 year bounded discrete  macroinvertebrates Bis and Usseglio-Polatera (2004) all 
phenology life cycle duration > 1 year bounded discrete  macroinvertebrates Bis and Usseglio-Polatera (2004) all 
reproduction potential number of reproductive cycles per year < 1 bounded discrete  macroinvertebrates Bis and Usseglio-Polatera (2004) all 
reproduction potential number of reproductive cycles per year 1 bounded discrete  macroinvertebrates Bis and Usseglio-Polatera (2004) all 





Table S10. Traits collected for all plant taxa for the calculation of functional diversity metrics. 
Class Trait type Trait Type Taxon Data Source Primary Data 
Source 
Study 
body dimensions shoot growth form floating leaves attached to the substrate binary plants Kattge et al. (2011) Kleyer et al. (2008) Clarke, Lüderitz 
body dimensions shoot growth form free floating plants binary plants Kattge et al. (2011) Kleyer et al. (2008) Clarke, Lüderitz 
body dimensions shoot growth form submerged attached to the substrate binary plants Kattge et al. (2011) Kleyer et al. (2008) Clarke, Lüderitz 
body dimensions shoot growth form lianas and climbers binary plants Kattge et al. (2011) Kleyer et al. (2008) Clarke, Kardol, Piqueray 
body dimensions shoot growth form emergent attached to the substrate binary plants Kattge et al. (2011) Kleyer et al. (2008) Clarke, Kardol, Lüderitz 
body dimensions shoot growth form stem ascending to prostrate binary plants Kattge et al. (2011) Kleyer et al. (2008) Clarke, Kardol, Lüderitz, Piqueray 
body dimensions shoot growth form stem erect binary plants Kattge et al. (2011) Kleyer et al. (2008) Clarke, Kardol, Lüderitz, Piqueray 
body dimensions shoot growth form stem prostrate binary plants Kattge et al. (2011) Kleyer et al. (2008) Clarke, Kardol, Lüderitz, Piqueray 
diet nutrition kills insects but not carnivorous binary plants Kattge et al. (2011) Fitter and Peat (1994) Kardol, Piqueray 
diet nutrition parasitic binary plants Kattge et al. (2011) Fitter and Peat (1994) Piqueray 
diet nutrition hemi-parasitic binary plants Kattge et al. (2011) Fitter and Peat (1994) Piqueray 
diet nutrition does not kill insects binary plants Kattge et al. (2011) Fitter and Peat (1994) Piqueray 
diet nutrition autotrophic binary plants Kattge et al. (2011) Fitter and Peat (1994) Clarke, Kardol, Lüderitz, Piqueray 
dispersal dispersal agent blastochor binary plants Kattge et al. (2011) Kleyer et al. (2008) Clarke, Kardol, Piqueray 
dispersal dispersal agent boleochor binary plants Kattge et al. (2011) Kleyer et al. (2008) Clarke, Kardol, Piqueray 
dispersal dispersal agent ethelochor binary plants Kattge et al. (2011) Kleyer et al. (2008) Clarke, Kardol, Piqueray 
dispersal dispersal agent herpochor binary plants Kattge et al. (2011) Kleyer et al. (2008) Clarke, Kardol, Piqueray 
dispersal dispersal agent multi seeded generative dispersule binary plants Kattge et al. (2011) Kleyer et al. (2008) Clarke, Kardol, Piqueray 
dispersal dispersal agent ombrochor binary plants Kattge et al. (2011) Kleyer et al. (2008) Clarke, Kardol, Piqueray 
dispersal dispersal agent speirochor binary plants Kattge et al. (2011) Kleyer et al. (2008) Clarke, Kardol, Piqueray 
dispersal dispersal agent bythisochor binary plants Kattge et al. (2011) Kleyer et al. (2008) Piqueray 
dispersal dispersal agent zoochor binary plants Kattge et al. (2011) Kleyer et al. (2008) Clarke, Kardol 
dispersal dispersal agent agochor binary plants Kattge et al. (2011) Kleyer et al. (2008) Clarke, Kardol, Lüderitz, Piqueray 
dispersal dispersal agent autochor binary plants Kattge et al. (2011) Kleyer et al. (2008) Clarke, Kardol, Lüderitz, Piqueray 
dispersal dispersal agent ballochor binary plants Kattge et al. (2011) Kleyer et al. (2008) Clarke, Kardol, Lüderitz, Piqueray 
dispersal dispersal agent chamaechor binary plants Kattge et al. (2011) Kleyer et al. (2008) Clarke, Kardol, Lüderitz, Piqueray 
dispersal dispersal agent dysochor binary plants Kattge et al. (2011) Kleyer et al. (2008) Clarke, Kardol, Lüderitz, Piqueray 
dispersal dispersal agent endozoochor binary plants Kattge et al. (2011) Kleyer et al. (2008) Clarke, Kardol, Lüderitz, Piqueray 
dispersal dispersal agent epizoochor binary plants Kattge et al. (2011) Kleyer et al. (2008) Clarke, Kardol, Lüderitz, Piqueray 
dispersal dispersal agent generative dispersule binary plants Kattge et al. (2011) Kleyer et al. (2008) Clarke, Kardol, Lüderitz, Piqueray 
dispersal dispersal agent germinule binary plants Kattge et al. (2011) Kleyer et al. (2008) Clarke, Kardol, Lüderitz, Piqueray 
dispersal dispersal agent hemerochor binary plants Kattge et al. (2011) Kleyer et al. (2008) Clarke, Kardol, Lüderitz, Piqueray 
dispersal dispersal agent meteorochor binary plants Kattge et al. (2011) Kleyer et al. (2008) Clarke, Kardol, Lüderitz, Piqueray 
dispersal dispersal agent nautochor binary plants Kattge et al. (2011) Kleyer et al. (2008) Clarke, Kardol, Lüderitz, Piqueray 
dispersal dispersal agent one seeded generative dispersule binary plants Kattge et al. (2011) Kleyer et al. (2008) Clarke, Kardol, Lüderitz, Piqueray 
dispersal dispersal agent other binary plants Kattge et al. (2011) Kleyer et al. (2008) Clarke, Kardol, Lüderitz, Piqueray 




plants Kattge et al. (2011) Hill et al. (2004) Clarke, Kardol, Lüderitz, Piqueray 
phenology plant lifespan annuals binary plants Kattge et al. (2011) Kleyer et al. (2008) Clarke, Kardol, Lüderitz, Piqueray 
phenology plant lifespan perennials binary plants Kattge et al. (2011) Kleyer et al. (2008) Clarke, Kardol, Lüderitz, Piqueray 
reproduction pollen vector insect binary plants Kattge et al. (2011) Fitter and Peat (1994) Clarke, Kardol, Lüderitz, Piqueray 
reproduction pollen vector self-fertilised binary plants Kattge et al. (2011) Fitter and Peat (1994) Clarke, Kardol, Lüderitz, Piqueray 







Table S11. Traits collected for all ant taxa for the calculation of functional diversity metrics. 
Class Trait type Trait Type Taxon Primary Data Source Study 
body dimensions body size < 1 mm binary ants Silvestre et al. (2003) all 
body dimensions body size 1 - 2 mm binary ants Silvestre et al. (2003) all 
body dimensions body size 2 - 3 mm binary ants Silvestre et al. (2003) all 
body dimensions body size > 3 mm binary ants Silvestre et al. (2003) all 
body dimensions body size large polymorph binary ants Silvestre et al. (2003) all 
diet feeding strategy cultivates fungus from fresh leaves               binary ants Silvestre et al. (2003) all 
diet feeding strategy cultivates fungus from decomposing organic matter binary ants Silvestre et al. (2003) all 
diet feeding strategy generalist predator                               binary ants Silvestre et al. (2003) all 
diet feeding strategy specialist predator                               binary ants Silvestre et al. (2003) all 
diet feeding strategy omnivore/detritivore                              binary ants Silvestre et al. (2003) all 
dispersal recruitment solitary binary ants Silvestre et al. (2003) all 
dispersal recruitment tandem running binary ants Silvestre et al. (2003) all 
dispersal recruitment mass recruitment binary ants Silvestre et al. (2003) all 
dispersal recruitment legionary binary ants Silvestre et al. (2003) all 
dispersal recruitment trophic collects plant exudates                           binary ants Silvestre et al. (2003) all 
habitat foraging substrate vegetation binary ants Silvestre et al. (2003) all 
habitat foraging substrate aboveground binary ants Silvestre et al. (2003) all 
habitat foraging substrate belowground binary ants Silvestre et al. (2003) all 
reproduction estimated population size of mature colony < 100 binary ants Silvestre et al. (2003) all 
reproduction estimated population size of mature colony 100 - 1000 binary ants Silvestre et al. (2003) all 
reproduction estimated population size of mature colony 1000 - 10000 binary ants Silvestre et al. (2003) all 
reproduction estimated population size of mature colony > 10000 binary ants Silvestre et al. (2003) all 
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Table S12. Traits collected for all reptile taxa for the calculation of functional diversity metrics. 
Class Trait type Trait Type Units Taxon Primary Data Source Study 
body dimensions length maximum adult body size continuous mm reptiles see Appendix A Glor 
body dimensions length snout to vent length continuous mm reptiles see Appendix A Pawar 
diet diet arthropods binary 
 
reptiles see Appendix A Glor, Pawar 
diet diet vertebrates binary 
 
reptiles see Appendix A Glor, Pawar 
habitat vertical foraging stratum fossorial binary 
 
reptiles see Appendix A Glor 
habitat vertical foraging stratum terrestrial binary 
 
reptiles see Appendix A Glor, Pawar 
habitat vertical foraging stratum aquatic binary 
 
reptiles see Appendix A Glor, Pawar 
habitat vertical foraging stratum arboreal binary 
 
reptiles see Appendix A Glor, Pawar 
phenology diel diurnal binary 
 
reptiles see Appendix A Glor, Pawar 
phenology diel nocturnal binary 
 
reptiles see Appendix A Glor, Pawar 
reproduction litter size minimum number of offspring/eggs per clutch continuous 
 
reptiles see Appendix A Glor, Pawar 
reproduction litter size maximum number of offspring/eggs per clutch continuous 
 






Table S13. Traits collected for all bird taxa for the calculation of functional diversity metrics. 
Class Trait type Trait Type Unit Taxon Primary Data Source Study 
body dimensions length wing length - male continuous mm birds Brown et al. (1982) Aerts 
body dimensions length wing length - female continuous mm birds Brown et al. (1982) Aerts 
body dimensions length tail length - male continuous mm birds Brown et al. (1982) Aerts 
body dimensions length tail length - female continuous mm birds Brown et al. (1982) Aerts 
body dimensions length bill length continuous mm birds Brown et al. (1982) Aerts 
body dimensions length tarsus length - male continuous mm birds Brown et al. (1982) Aerts 
body dimensions length tarsus length - female continuous mm birds Brown et al. (1982) Aerts 
body dimensions weight weight - male continuous g birds Brown et al. (1982) Aerts 
body dimensions weight weight - female continuous g birds Brown et al. (1982) Aerts 
body dimensions length total length - male continuous mm birds Del Hoyo et al. (1992) O'Dea 
body dimensions length total length - female continuous mm birds del Hoyo et al. (1992) O'Dea 
body dimensions weight weight - male continuous g birds del Hoyo et al. (1992) O'Dea 
body dimensions weight weight - female continuous g birds del Hoyo et al. (1992) O'Dea 
diet diet fruit binary 
 
birds Brown et al. (1982) Aerts 
diet diet nectar binary 
 
birds Brown et al. (1982) Aerts 
diet diet other plant material binary 
 
birds Brown et al. (1982) Aerts 
diet diet invertebrates binary 
 
birds Brown et al. (1982) Aerts 
diet diet reptiles and amphibians binary 
 
birds Brown et al. (1982) Aerts 
diet diet fish binary 
 
birds Brown et al. (1982) Aerts 
diet diet birds binary 
 
birds Brown et al. (1982) Aerts 
diet diet mammal binary 
 
birds Brown et al. (1982) Aerts 
diet diet algae binary 
 
birds Brown et al. (1982) Aerts 
diet diet carrion binary 
 
birds Brown et al. (1982) Aerts 
diet diet fruit binary 
 
birds del Hoyo et al. (1992) O'Dea 
diet diet nectar binary 
 
birds del Hoyo et al. (1992) O'Dea 
diet diet other plant material binary 
 
birds del Hoyo et al. (1992) O'Dea 
diet diet invertebrates binary 
 
birds del Hoyo et al. (1992) O'Dea 
diet diet reptiles and amphibians binary 
 
birds del Hoyo et al. (1992) O'Dea 
diet diet fish binary 
 
birds del Hoyo et al. (1992) O'Dea 
diet diet birds and birds eggs binary 
 
birds del Hoyo et al. (1992) O'Dea 
diet diet mammal binary 
 
birds del Hoyo et al. (1992) O'Dea 
diet diet algae binary 
 
birds del Hoyo et al. (1992) O'Dea 
diet diet carrion binary 
 
birds del Hoyo et al. (1992) O'Dea 
dispersal migration nomadic binary 
 
birds BirdLife International (2017) O'Dea 
dispersal migration non-migratory binary 
 
birds BirdLife International (2017) all 
dispersal migration migratory binary 
 
birds BirdLife International (2017) all 
dispersal migration altitudinal migrant binary 
 
birds BirdLife International (2017) all 
habitat ecozone afrotropical binary 
 
birds BirdLife International (2017) all 
habitat ecozone palearctic binary 
 
birds BirdLife International (2017) all 
habitat ecozone indomalayan binary 
 
birds BirdLife International (2017) all 
habitat ecozone oceanic binary 
 
birds BirdLife International (2017) all 
habitat ecozone nearctic binary 
 
birds BirdLife International (2017) all 
habitat ecozone neotropical binary 
 
birds BirdLife International (2017) all 
habitat ecozone antarctic binary 
 
birds BirdLife International (2017) all 
habitat ecosystem freshwater binary 
 




habitat ecosystem marine binary 
 
birds BirdLife International (2017) all 
habitat ecosystem terrestrial binary 
 
birds BirdLife International (2017) all 
habitat habitat artificial landscapes (aquatic) categorical 4 levels birds BirdLife International (2017) all 
habitat habitat arable land categorical 4 levels birds BirdLife International (2017) all 
habitat habitat pastureland categorical 4 levels birds BirdLife International (2017) all 
habitat habitat plantations categorical 4 levels birds BirdLife International (2017) all 
habitat habitat rural gardens categorical 4 levels birds BirdLife International (2017) all 
habitat habitat subtropical/tropical heavily degraded former forest categorical 4 levels birds BirdLife International (2017) all 
habitat habitat urban areas categorical 4 levels birds BirdLife International (2017) all 
habitat habitat hot desert categorical 4 levels birds BirdLife International (2017) all 
habitat habitat temperate desert categorical 4 levels birds BirdLife International (2017) all 
habitat habitat subtropical/tropical dry forest categorical 4 levels birds BirdLife International (2017) all 
habitat habitat subtropical/tropical lowland moist forest categorical 4 levels birds BirdLife International (2017) all 
habitat habitat subtropical/tropical montane moist forest categorical 4 levels birds BirdLife International (2017) all 
habitat habitat temperate forest categorical 4 levels birds BirdLife International (2017) all 
habitat habitat subtropical/tropical swamp forest categorical 4 levels birds BirdLife International (2017) all 
habitat habitat subtropical/tropical mangrove categorical 4 levels birds BirdLife International (2017) all 
habitat habitat boreal forest categorical 4 levels birds BirdLife International (2017) all 
habitat habitat subarctic forest categorical 4 levels birds BirdLife International (2017) Aerts 
habitat habitat subtropical/tropical (lowland) dry grassland categorical 4 levels birds BirdLife International (2017) all 
habitat habitat subtropical/tropical high-altitude grassland categorical 4 levels birds BirdLife International (2017) all 
habitat habitat subtropical/tropical (lowland) seasonally wet/flooded grassland categorical 4 levels birds BirdLife International (2017) all 
habitat habitat temperate grassland categorical 4 levels birds BirdLife International (2017) all 
habitat habitat tundra categorical 4 levels birds BirdLife International (2017) Aerts 
habitat habitat rocky areas categorical 4 levels birds BirdLife International (2017) all 
habitat habitat dry savanna categorical 4 levels birds BirdLife International (2017) all 
habitat habitat moist savanna categorical 4 levels birds BirdLife International (2017) all 
habitat habitat subtropical/tropical (lowland) dry shrubland categorical 4 levels birds BirdLife International (2017) all 
habitat habitat subtropical/tropical high altitude shrubland categorical 4 levels birds BirdLife International (2017) all 
habitat habitat temperate shrubland categorical 4 levels birds BirdLife International (2017) all 
habitat habitat Mediterranean-type shrubland categorical 4 levels birds BirdLife International (2017) Aerts 
habitat habitat boreal shrubland categorical 4 levels birds BirdLife International (2017) Aerts 
habitat habitat subarctic shrubland categorical 4 levels birds BirdLife International (2017) Aerts 
habitat habitat subtropical/tropical (lowland) moist shrubland categorical 4 levels birds BirdLife International (2017) all 
habitat habitat caves categorical 4 levels birds BirdLife International (2017) Aerts 
habitat habitat bogs, marshes, swamps, fens, peatlands categorical 4 levels birds BirdLife International (2017) all 
habitat habitat freshwater lakes (>8 ha) – permanent categorical 4 levels birds BirdLife International (2017) all 
habitat habitat freshwater marshes/pools (under 8ha) - permanent categorical 4 levels birds BirdLife International (2017) Aerts 
habitat habitat rivers, streams, creeks – permanent categorical 4 levels birds BirdLife International (2017) all 
habitat habitat freshwater lakes (>8 ha) - seasonal/intermittent categorical 4 levels birds BirdLife International (2017) Aerts 
habitat habitat freshwater marshes/pools (under 8ha) - seasonal/intermittent categorical 4 levels birds BirdLife International (2017) Aerts 
habitat habitat rivers, streams, creeks -seasonal/intermittent/irregular categorical 4 levels birds BirdLife International (2017) Aerts 
habitat habitat saline, brackish or alkaline lakes and flats - seasonal/intermittent  categorical 4 levels birds BirdLife International (2017) Aerts 
habitat habitat shrub dominated wetlands categorical 4 levels birds BirdLife International (2017) Aerts 
habitat habitat alpine wetlands categorical 4 levels birds BirdLife International (2017) Aerts 
habitat habitat freshwater springs categorical 4 levels birds BirdLife International (2017) Aerts 
habitat habitat intertidal categorical 4 levels birds BirdLife International (2017) all 
habitat habitat coastal categorical 4 levels birds BirdLife International (2017) all 
habitat altitudinal limit upper limit continuous m birds del Hoyo et al. (1992) O'Dea 
habitat altitudinal limit lower limit continuous m birds del Hoyo et al. (1992) O'Dea 
phenology breeding season January binary 
 




phenology breeding season February binary 
 
birds Brown et al. (1982) Aerts 
phenology breeding season March binary 
 
birds Brown et al. (1982) Aerts 
phenology breeding season April binary 
 
birds Brown et al. (1982) Aerts 
phenology breeding season May binary 
 
birds Brown et al. (1982) Aerts 
phenology breeding season June binary 
 
birds Brown et al. (1982) Aerts 
phenology breeding season July binary 
 
birds Brown et al. (1982) Aerts 
phenology breeding season August binary 
 
birds Brown et al. (1982) Aerts 
phenology breeding season September binary 
 
birds Brown et al. (1982) Aerts 
phenology breeding season October binary 
 
birds Brown et al. (1982) Aerts 
phenology breeding season November binary 
 
birds Brown et al. (1982) Aerts 
phenology breeding season December binary 
 
birds Brown et al. (1982) Aerts 
phenology breeding season January binary 
 
birds del Hoyo et al. (1992) O'Dea 
phenology breeding season February binary 
 
birds del Hoyo et al. (1992) O'Dea 
phenology breeding season March binary 
 
birds del Hoyo et al. (1992) O'Dea 
phenology breeding season April binary 
 
birds del Hoyo et al. (1992) O'Dea 
phenology breeding season May binary 
 
birds del Hoyo et al. (1992) O'Dea 
phenology breeding season June binary 
 
birds del Hoyo et al. (1992) O'Dea 
phenology breeding season July binary 
 
birds del Hoyo et al. (1992) O'Dea 
phenology breeding season August binary 
 
birds del Hoyo et al. (1992) O'Dea 
phenology breeding season September binary 
 
birds del Hoyo et al. (1992) O'Dea 
phenology breeding season October binary 
 
birds del Hoyo et al. (1992) O'Dea 
phenology breeding season November binary 
 
birds del Hoyo et al. (1992) O'Dea 
phenology breeding season December binary 
 
birds del Hoyo et al. (1992) O'Dea 
reproduction breeding behaviour colonial binary 
 
birds Brown et al. (1982) Aerts 
reproduction breeding behaviour solitary binary 
 
birds Brown et al. (1982) Aerts 
reproduction egg dimensions length continuous mm birds Brown et al. (1982) Aerts 
reproduction egg dimensions width continuous mm birds Brown et al. (1982) Aerts 
reproduction nesting clutch size continuous 
 
birds Brown et al. (1982) Aerts 
reproduction nesting clutch size continuous 
 






Table S14. Traits collected for all fish taxa for the calculation of functional diversity metrics. 
Class Trait type Trait Type Units Taxon Region Primary Data Source Study 
body dimensions length maximum total length continuous cm fish United States Frimpong and Angermeier (2009) Baldigo, Edwards, Moerke, Schwartz, Shields 
diet diet nonfeeder binary 
 
fish United States Frimpong and Angermeier (2009) Baldigo, Edwards, Moerke, Schwartz, Shields 
diet diet benthic feeder binary 
 
fish United States Frimpong and Angermeier (2009) Baldigo, Edwards, Moerke, Schwartz, Shields 
diet diet surface or water column feeder binary 
 
fish United States Frimpong and Angermeier (2009) Baldigo, Edwards, Moerke, Schwartz, Shields 
diet diet algae or phytoplankton, including filamentous algae binary 
 
fish United States Frimpong and Angermeier (2009) Baldigo, Edwards, Moerke, Schwartz, Shields 
diet diet any part of macrophytes and vascular plants binary 
 
fish United States Frimpong and Angermeier (2009) Baldigo, Edwards, Moerke, Schwartz, Shields 
diet diet detritus or unidentifiable vegetative matter binary 
 
fish United States Frimpong and Angermeier (2009) Baldigo, Edwards, Moerke, Schwartz, Shields 
diet diet aquatic and terrestrial invertebrates and larval fishes binary 
 
fish United States Frimpong and Angermeier (2009) Baldigo, Edwards, Moerke, Schwartz, Shields 
diet diet larger fishes, crayfishes, crabs, frogs, etc binary 
 
fish United States Frimpong and Angermeier (2009) Baldigo, Edwards, Moerke, Schwartz, Shields 
diet diet for parasitic lampreys that feed mainly on blood binary 
 
fish United States Frimpong and Angermeier (2009) Baldigo, Edwards, Moerke, Schwartz, Shields 
diet diet eggs of fishes, frogs, etc binary 
 
fish United States Frimpong and Angermeier (2009) Baldigo, Edwards, Moerke, Schwartz, Shields 
diet diet other diet components binary 
 
fish United States Frimpong and Angermeier (2009) Baldigo, Edwards, Moerke, Schwartz, Shields 
dispersal migration potamodromous or anadromous binary 
 
fish United States Frimpong and Angermeier (2009) Baldigo, Edwards, Moerke, Schwartz, Shields 
habitat substrate pelagophils binary 
 
fish United States Frimpong and Angermeier (2009) Baldigo, Edwards, Moerke, Schwartz, Shields 
habitat substrate polyphils binary 
 
fish United States Frimpong and Angermeier (2009) Baldigo, Edwards, Moerke, Schwartz, Shields 
habitat substrate lithophils (rock-gravel) binary 
 
fish United States Frimpong and Angermeier (2009) Baldigo, Edwards, Moerke, Schwartz, Shields 
habitat substrate lithophils (gravel-sand) binary 
 
fish United States Frimpong and Angermeier (2009) Baldigo, Edwards, Moerke, Schwartz, Shields 
habitat substrate lithophils (silt-mud) binary 
 
fish United States Frimpong and Angermeier (2009) Baldigo, Edwards, Moerke, Schwartz, Shields 
habitat substrate phytophils binary 
 
fish United States Frimpong and Angermeier (2009) Baldigo, Edwards, Moerke, Schwartz, Shields 
habitat substrate psammophils binary 
 
fish United States Frimpong and Angermeier (2009) Baldigo, Edwards, Moerke, Schwartz, Shields 
habitat substrate speleophils (rock cavity/roof) binary 
 
fish United States Frimpong and Angermeier (2009) Baldigo, Edwards, Moerke, Schwartz, Shields 
habitat substrate speleophils (bottom burrows or natural holes) binary 
 
fish United States Frimpong and Angermeier (2009) Baldigo, Edwards, Moerke, Schwartz, Shields 
habitat substrate speleophils (cavity generalist) binary 
 
fish United States Frimpong and Angermeier (2009) Baldigo, Edwards, Moerke, Schwartz, Shields 
habitat substrate substrate indifferent binary 
 
fish United States Frimpong and Angermeier (2009) Baldigo, Edwards, Moerke, Schwartz, Shields 
habitat substrate lithopelagophils binary 
 
fish United States Frimpong and Angermeier (2009) Baldigo, Edwards, Moerke, Schwartz, Shields 
habitat substrate ariadnophils binary 
 
fish United States Frimpong and Angermeier (2009) Baldigo, Edwards, Moerke, Schwartz, Shields 
habitat substrate phytolithophils binary 
 
fish United States Frimpong and Angermeier (2009) Baldigo, Edwards, Moerke, Schwartz, Shields 
habitat habitat preference euryhaline binary 
 
fish United States Frimpong and Angermeier (2009) Baldigo, Edwards, Moerke, Schwartz, Shields 
habitat habitat preference muck substrate binary 
 
fish United States Frimpong and Angermeier (2009) Baldigo, Edwards, Moerke, Schwartz, Shields 
habitat habitat preference clay or silt substrate binary 
 
fish United States Frimpong and Angermeier (2009) Baldigo, Edwards, Moerke, Schwartz, Shields 
habitat habitat preference sand substrate binary 
 
fish United States Frimpong and Angermeier (2009) Baldigo, Edwards, Moerke, Schwartz, Shields 
habitat habitat preference gravel substrate binary 
 
fish United States Frimpong and Angermeier (2009) Baldigo, Edwards, Moerke, Schwartz, Shields 
habitat habitat preference cobble or pebble substrate binary 
 
fish United States Frimpong and Angermeier (2009) Baldigo, Edwards, Moerke, Schwartz, Shields 
habitat habitat preference boulder substrate binary 
 
fish United States Frimpong and Angermeier (2009) Baldigo, Edwards, Moerke, Schwartz, Shields 
habitat habitat preference bedrock substrate binary 
 
fish United States Frimpong and Angermeier (2009) Baldigo, Edwards, Moerke, Schwartz, Shields 
habitat habitat preference aquatic vegetation binary 
 
fish United States Frimpong and Angermeier (2009) Baldigo, Edwards, Moerke, Schwartz, Shields 
habitat habitat preference organic debris or detrital substrate binary 
 
fish United States Frimpong and Angermeier (2009) Baldigo, Edwards, Moerke, Schwartz, Shields 
habitat habitat preference large woody debris binary 
 
fish United States Frimpong and Angermeier (2009) Baldigo, Edwards, Moerke, Schwartz, Shields 
habitat habitat preference pelagic binary 
 
fish United States Frimpong and Angermeier (2009) Baldigo, Edwards, Moerke, Schwartz, Shields 
habitat habitat preference lotic and lentic systems but more often in lotic binary 
 
fish United States Frimpong and Angermeier (2009) Baldigo, Edwards, Moerke, Schwartz, Shields 
habitat habitat preference lotic and lentic systems but more often in lentic binary 
 
fish United States Frimpong and Angermeier (2009) Baldigo, Edwards, Moerke, Schwartz, Shields 
habitat habitat preference medium to large river binary 
 
fish United States Frimpong and Angermeier (2009) Baldigo, Edwards, Moerke, Schwartz, Shields 
habitat habitat preference stream to small river binary 
 
fish United States Frimpong and Angermeier (2009) Baldigo, Edwards, Moerke, Schwartz, Shields 
habitat habitat preference creek binary 
 
fish United States Frimpong and Angermeier (2009) Baldigo, Edwards, Moerke, Schwartz, Shields 
habitat habitat preference spring or subterranean water binary 
 
fish United States Frimpong and Angermeier (2009) Baldigo, Edwards, Moerke, Schwartz, Shields 
habitat habitat preference lentic systems binary 
 
fish United States Frimpong and Angermeier (2009) Baldigo, Edwards, Moerke, Schwartz, Shields 
habitat habitat preference lowland elevation binary 
 
fish United States Frimpong and Angermeier (2009) Baldigo, Edwards, Moerke, Schwartz 
habitat habitat preference upland elevation binary 
 




habitat habitat preference mountainous physiography binary 
 
fish United States Frimpong and Angermeier (2009) Baldigo, Edwards, Moerke, Schwartz 
habitat habitat preference slow current binary 
 
fish United States Frimpong and Angermeier (2009) Baldigo, Edwards, Moerke, Schwartz, Shields 
habitat habitat preference moderate current binary 
 
fish United States Frimpong and Angermeier (2009) Baldigo, Edwards, Moerke, Schwartz, Shields 
habitat habitat preference fast current binary 
 
fish United States Frimpong and Angermeier (2009) Baldigo, Edwards, Moerke, Schwartz, Shields 
phenology spawning season proportion of January bounded continuous 
 
fish United States Frimpong and Angermeier (2009) Baldigo, Edwards, Moerke, Schwartz, Shields 
phenology spawning season proportion of February bounded continuous 
 
fish United States Frimpong and Angermeier (2009) Baldigo, Edwards, Moerke, Schwartz, Shields 
phenology spawning season proportion of March bounded continuous 
 
fish United States Frimpong and Angermeier (2009) Baldigo, Edwards, Moerke, Schwartz, Shields 
phenology spawning season proportion of April bounded continuous 
 
fish United States Frimpong and Angermeier (2009) Baldigo, Edwards, Moerke, Schwartz, Shields 
phenology spawning season proportion of May bounded continuous 
 
fish United States Frimpong and Angermeier (2009) Baldigo, Edwards, Moerke, Schwartz, Shields 
phenology spawning season proportion of June bounded continuous 
 
fish United States Frimpong and Angermeier (2009) Baldigo, Edwards, Moerke, Schwartz, Shields 
phenology spawning season proportion of July bounded continuous 
 
fish United States Frimpong and Angermeier (2009) Baldigo, Edwards, Moerke, Schwartz, Shields 
phenology spawning season proportion of August bounded continuous 
 
fish United States Frimpong and Angermeier (2009) Baldigo, Edwards, Moerke, Schwartz, Shields 
phenology spawning season proportion of September bounded continuous 
 
fish United States Frimpong and Angermeier (2009) Baldigo, Edwards, Moerke, Schwartz, Shields 
phenology spawning season proportion of October bounded continuous 
 
fish United States Frimpong and Angermeier (2009) Baldigo, Edwards, Moerke, Schwartz, Shields 
phenology spawning season proportion of November bounded continuous 
 
fish United States Frimpong and Angermeier (2009) Baldigo, Edwards, Moerke, Schwartz, Shields 
phenology spawning season proportion of December bounded continuous 
 
fish United States Frimpong and Angermeier (2009) Baldigo, Edwards, Moerke, Schwartz, Shields 
phenology spawning season approximate length of spawning season bounded continuous 
 
fish United States Frimpong and Angermeier (2009) Baldigo, Edwards, Moerke, Schwartz, Shields 
reproduction longevity age at maturity - female continuous years fish United States Frimpong and Angermeier (2009) Baldigo, Edwards, Moerke, Schwartz, Shields 
reproduction longevity longevity continuous years fish United States Frimpong and Angermeier (2009) Baldigo, Edwards, Moerke, Schwartz, Shields 
reproduction spawning preference fecundity continuous 
 
fish United States Frimpong and Angermeier (2009) Baldigo, Edwards, Moerke, Schwartz, Shields 
reproduction spawning preference serial or batch spawner binary 
 
fish United States Frimpong and Angermeier (2009) Baldigo, Edwards, Moerke, Schwartz 
reproduction spawning preference nonguarders binary 
 
fish United States Frimpong and Angermeier (2009) Baldigo, Edwards, Moerke, Schwartz, Shields 
reproduction spawning preference guarders binary 
 
fish United States Frimpong and Angermeier (2009) Baldigo, Edwards, Moerke, Schwartz, Shields 
reproduction spawning preference open substratum spawners binary 
 
fish United States Frimpong and Angermeier (2009) Baldigo, Edwards, Moerke, Schwartz, Shields 
reproduction spawning preference brood hiders binary 
 
fish United States Frimpong and Angermeier (2009) Baldigo, Edwards, Moerke, Schwartz, Shields 
reproduction spawning preference substratum choosers binary 
 
fish United States Frimpong and Angermeier (2009) Baldigo, Edwards, Moerke, Schwartz, Shields 
reproduction spawning preference nest spawners binary 
 
fish United States Frimpong and Angermeier (2009) Baldigo, Edwards, Moerke, Schwartz, Shields 
body dimensions length at maturation maximum total body length continuous cm fish Australia Sternberg et al. (2014) Bond 
diet diet benthic invertebrates binary 
 
fish Australia Sternberg et al. (2014) Bond 
diet diet algae binary 
 
fish Australia Sternberg et al. (2014) Bond 
diet diet plants binary 
 
fish Australia Sternberg et al. (2014) Bond 
diet diet fish binary 
 
fish Australia Sternberg et al. (2014) Bond 
diet diet detritus binary 
 
fish Australia Sternberg et al. (2014) Bond 
diet diet mollusca binary 
 
fish Australia Sternberg et al. (2014) Bond 
diet diet crustacea binary 
 
fish Australia Sternberg et al. (2014) Bond 
dispersal migration potamodromous or anadromous binary 
 
fish Australia Sternberg et al. (2014) Bond 
habitat spawning substrate organic substrate (plants/wood) binary 
 
fish Australia Sternberg et al. (2014) Bond 
habitat spawning substrate mineral substrate (gravel/rocks) binary 
 
fish Australia Sternberg et al. (2014) Bond 
phenology longevity maximum potential life span continuous years fish Australia Sternberg et al. (2014) Bond 
reproduction reproductive guild nonguarders binary 
 
fish Australia Sternberg et al. (2014) Bond 
reproduction reproductive guild guarders binary 
 
fish Australia Sternberg et al. (2014) Bond 
reproduction reproductive guild open substratum spawners binary 
 
fish Australia Sternberg et al. (2014) Bond 
reproduction reproductive guild brood hiders binary 
 
fish Australia Sternberg et al. (2014) Bond 
reproduction reproductive guild substratum choosers binary 
 
fish Australia Sternberg et al. (2014) Bond 
reproduction reproductive guild nest spawners binary 
 
fish Australia Sternberg et al. (2014) Bond 
body dimensions maximum body length < 20 cm binary 
 
fish Europe Schmidt-Kloiber and Hering (2015) Langler, Lüderitz, Wolter 
body dimensions maximum body length 20 to 39 cm binary 
 
fish Europe Schmidt-Kloiber and Hering (2015) Langler, Lüderitz, Wolter 
body dimensions maximum body length > 39 cm binary 
 
fish Europe Schmidt-Kloiber and Hering (2015) Langler, Lüderitz, Wolter 
diet diet invertivorous binary 
 
fish Europe Schmidt-Kloiber and Hering (2015) Langler, Lüderitz, Wolter 
diet diet piscivorous binary 
 
fish Europe Schmidt-Kloiber and Hering (2015) Langler, Lüderitz, Wolter 
diet diet phytophagous binary 
 




diet diet omnivorous binary 
 
fish Europe Schmidt-Kloiber and Hering (2015) Langler, Lüderitz, Wolter 
diet diet carnivorous binary 
 
fish Europe Schmidt-Kloiber and Hering (2015) Langler, Lüderitz, Wolter 
diet diet other binary 
 
fish Europe Schmidt-Kloiber and Hering (2015) Langler, Lüderitz, Wolter 
dispersal migration diadromous binary 
 
fish Europe Schmidt-Kloiber and Hering (2015) Langler, Lüderitz, Wolter 
dispersal migration potamodromous binary 
 
fish Europe Schmidt-Kloiber and Hering (2015) Langler, Lüderitz, Wolter 
dispersal migration no migration binary 
 
fish Europe Schmidt-Kloiber and Hering (2015) Langler, Lüderitz, Wolter 
dispersal migration oceanodromous binary 
 
fish Europe Schmidt-Kloiber and Hering (2015) Langler, Lüderitz, Wolter 
habitat habitat pelagic binary 
 
fish Europe Schmidt-Kloiber and Hering (2015) Langler, Lüderitz, Wolter 
habitat habitat benthopelagic binary 
 
fish Europe Schmidt-Kloiber and Hering (2015) Langler, Lüderitz, Wolter 
habitat habitat demersal binary 
 
fish Europe Schmidt-Kloiber and Hering (2015) Langler, Lüderitz, Wolter 
habitat habitat guild habitat guild categorical 3 levels fish Europe Lüderitz et al (2011) Lüderitz 
habitat flow preference flow preference categorical 3 levels fish Europe Wolter (2010) Wolter 
phenology life span < 8 years binary 
 
fish Europe Schmidt-Kloiber and Hering (2015) Langler, Lüderitz, Wolter 
phenology life span 8 to 15 years binary 
 
fish Europe Schmidt-Kloiber and Hering (2015) Langler, Lüderitz, Wolter 
phenology life span > 15 years binary 
 
fish Europe Schmidt-Kloiber and Hering (2015) Langler, Lüderitz, Wolter 
reproduction fecundity (no. oocytes) < 55000 binary 
 
fish Europe Schmidt-Kloiber and Hering (2015) Langler, Lüderitz, Wolter 
reproduction fecundity (no. oocytes) 55000 to 60000 binary 
 
fish Europe Schmidt-Kloiber and Hering (2015) Langler, Lüderitz, Wolter 
reproduction fecundity (no. oocytes) > 60000 binary 
 
fish Europe Schmidt-Kloiber and Hering (2015) Langler, Lüderitz, Wolter 
reproduction spawning guild spawning guild categorical 8 levels fish Europe Lüderitz et al (2011) Lüderitz 







Appendix C. Excluded studies 
 
For a study to be included in my meta-analysis, it needed to meet the following criteria: (1) restoration 
activities (either passive or active) were intentionally implemented and measured in the study, as 
opposed to simply comparing between habitat types, (2) at least one unmanipulated (i.e. degraded) 5 
control site was included, against which to compare restored sites, (3) data were sufficiently replicated 
(i.e. a dataset was excluded if they sampled only two sites: one unmanipulated control site and one 
restored site), (4) accumulated species lists included at least three different taxonomic families, so as 
to ensure meaningful variation in functional diversity, (5) species presence or abundance data were 
provided for all individual sites across all sampling occurrences and (6) focal taxa appeared in at least 10 
two datasets (to enable across-taxa comparisons). Below, ‘Curran’ refers to Curran et al. (2014) and 
‘Kail’ to Kail et al. (2015). 
Table S15. Studies excluded from my meta-analysis (149), including details of focal 
taxonomic group(s), location of study and reason for exclusion.  
Source Citation Taxon Country Reason for 
exclusion 
Curran Barlow et al. (2007a) Birds Brazil (1) Not 
restoration 
Curran Barlow et al. (2007b) Butterflies Brazil (1) Not 
restoration 
Curran Blake and Loiselle (2001) Birds Costa Rica (1) Not 
restoration 
Curran Bobo et al. (2006) Butterflies Cameroon (1) Not 
restoration 
Curran Bowman et al. (1990) Birds, butterflies and 
reptiles 
Papua New Guinea (1) Not 
restoration 
Curran Bragagnolo et al. (2007) Harvestmen Brazil (1) Not 
restoration 
Curran Castro‐Luna et al. (2007) Bats Mexico (1) Not 
restoration 
Curran Chapman and Chapman 
(1997) 
Plants Uganda (1) Not 
restoration 
Curran Chung et al. (2000) Beetles Malaysia (1) Not 
restoration 
Curran de Souza et al. (2008) Amphibians Brazil (1) Not 
restoration 
Curran Dranzoa (1998) Birds Uganda (1) Not 
restoration 
Curran Eggleton et al. (1997) Termites Malaysia (1) Not 
restoration 





Curran Estrada et al. (1994) Non-volant small 
mammals 
Mexico (1) Not 
restoration 
Curran Faria (2006) Bats Brazil (1) Not 
restoration 
Curran Fermon et al. (2005) Butterflies Indonesia (1) Not 
restoration 
Curran Fimbel (1994) Large mammals Sierra Leone (1) Not 
restoration 
Curran Gardner et al. (2007) Reptiles and 
amphibians 
Brazil (1) Not 
restoration 
Curran Gardner et al. (2008) Beetles Brazil (1) Not 
restoration 
Curran Gillison et al. (2003) Termites Indonesia (1) Not 
restoration 
Curran Grove (2002) Saproxylic beetles Australia (1) Not 
restoration 
Curran Hawes et al. (2009) Moths Brazil (1) Not 
restoration 
Curran Klein (1989) Beetles Brazil (1) Not 
restoration 
Curran Lambert (1992) Birds Malaysia (1) Not 
restoration 
Curran Law and Chidel (2001) Bats Australia (1) Not 
restoration 
Curran Li et al. (2011) Epiphytes China (1) Not 
restoration 
Curran Lieberman (1986) Reptiles and 
amphibians 
Costa Rica (1) Not 
restoration 
Curran Luja et al. (2008) Reptiles Mexico (1) Not 
restoration 
Curran Marsden (1998) Birds Indonesia (1) Not 
restoration 




Mexico (1) Not 
restoration 
Curran Moola and Vasseur 
(2004) 
Plants Canada (1) Not 
restoration 
Curran Nakagawa et al. (2006) Non-volant small 
mammals 
Malaysia (1) Not 
restoration 
Curran Owiunji and Plumptre 
(1998) 
Birds Uganda (1) Not 
restoration 
Curran Parry et al. (2007) Large mammals and 
birds 
Brazil (1) Not 
restoration 
Curran Peh et al. (2005) Birds Malaysia (1) Not 
restoration 
Curran Powers et al. (2009) Plants Costa Rica (1) Not 
restoration 
Curran Purata (1986) Plants Mexico (1) Not 
restoration 
Curran Quintero and Roslin 
(2005) 
Beetles Brazil (1) Not 
restoration 
Curran Raman (2001) Birds India (1) Not 
restoration 





Curran Sáfián et al. (2011) Butterflies Ghana (1) Not 
restoration 
Curran Schonberg et al. (2004) Ants Costa Rica (1) Not 
restoration 
Curran Selmants and Knight 
(2003) 
Plants United States (1) Not 
restoration 
Curran Shahabuddin and 
Tscharntke (2005) 
Beetles Indonesia (1) Not 
restoration 
Curran Sodhi et al. (2005) Birds Indonesia (1) Not 
restoration 
Curran Vallan (2002) Amphibians Madagascar (1) Not 
restoration 
Curran Vasconcelos (1999) Ants Brazil (1) Not 
restoration 
Curran Waltert et al. (2005) Butterflies Indonesia (1) Not 
restoration 
Curran Willett (2001) Spiders United States (1) Not 
restoration 
Curran Wu et al. (1996) Non-volant small 
mammals 
China (1) Not 
restoration 
Curran Abbott et al. (2003) Cockroaches, 
grasshoppers, crickets 
and spiders 
Australia (2) No negative 
control 
Curran Aidar et al. (2001) Plants Brazil (2) No negative 
control 




United States (2) No negative 
control 
Curran Andersen (1993) Ants Australia (2) No negative 
control 
Curran Andrade and Rubio‐
Torgler (1994) 
Birds Colombia (2) No negative 
control 
Curran Aravena et al. (2002) Plants Chile (2) No negative 
control 
Curran Bowen et al. (2009) Birds Australia (2) No negative 
control 
Curran Buckney and Morrison 
(1992) 
Plants Australia (2) No negative 
control 
Curran Costa et al. (2010) Ants Brazil (2) No negative 
control 
Curran Ernst and Rödel (2005) Amphibians Ivory Coast (2) No negative 
control 
Curran Fang and Peng (1997) Plants China (2) No negative 
control 
Curran Farwig et al. (2008) Birds Kenya (2) No negative 
control 
Curran Floren et al. (2001) Ants Malaysia (2) No negative 
control 
Curran Fukushima et al. (2008) Plants Thailand (2) No negative 
control 
Curran Grau et al. (1997) Plants Argentina (2) No negative 
control 
Curran Heinen (1992) Reptiles and 
amphibians 





Curran Hingston and Grove 
(2010) 
Birds Australia (2) No negative 
control 
Curran Hopp et al. (2010) Beetles Brazil (2) No negative 
control 
Curran House et al. (2006) Ants Australia (2) No negative 
control 
Curran Ishida et al. (2005) Plants Japan (2) No negative 
control 
Curran Kennard (2002) Plants Bolivia (2) No negative 
control 
Curran Kindscher and Tieszen 
(1998) 
Plants  United States (2) No negative 
control 
Curran Kritzinger and Van Aarde 
(1998) 
Birds South Africa (2) No negative 
control 
Curran Liebsch et al. (2007) Plants Brazil (2) No negative 
control 
Curran Liebsch et al. (2008) and 
contained studies 
Plants Brazil (2) No negative 
control 
Curran Majer (1992) Ants Brazil (2) No negative 
control 
Curran Marin-Spiotta et al. 
(2007) 
Plants Puerto Rico (2) No negative 
control 
Curran Michael et al. (2011) Reptiles Australia (2) No negative 
control 
Curran Palladini et al. (2007) Ants United States (2) No negative 
control 
Curran Parrotta and Knowles 
(2001) 
Plants Brazil (2) No negative 
control 
Curran Pascarella et al. (2000) Plants Puerto Rico (2) No negative 
control 
Curran Patten (1997) Non-volant small 
mammals  
United States (2) No negative 
control 
Curran Sarmiento et al. (2003) Plants Venezuela (2) No negative 
control 
Curran Silva et al. (2007) Ants Brazil (2) No negative 
control 
Curran Stark et al. (2006) Plants Canada (2) No negative 
control 
Curran Stenbacka et al. (2010) Beetles Sweden (2) No negative 
control 
Curran Veddeler et al. (2005) Butterflies Indonesia (2) No negative 
control 
Kail Baattrup‐Pedersen et al. 
(2000) 
Plants Denmark (2) No negative 
control 
Kail Bradford et al. (2011) Fish Canada (2) No negative 
control 
Kail Brooks et al. (2002) Macroinvertebrates United States (2) No negative 
control 
Kail Carline and Walsh (2007) Macroinvertebrates United States (2) No negative 
control 
Kail Chin et al. (2010) Macroinvertebrates United States (2) No negative 
control 
Kail Chovanec et al. (2002) Amphibians, 
dragonflies, fish 









(2) No negative 
control 
Kail Hohausova and Jurajda 
(2005) 
Fish Czech Republic (2) No negative 
control 
Kail Layzer and Scott (2006) Mussels and fish United States (2) No negative 
control 
Kail Marks et al. (2010) Fish United States (2) No negative 
control 
Kail Muehlbauer et al. (2009) Macroinvertebrates United States (2) No negative 
control 
Kail Negishi and Richardson 
(2003) 
Macroinvertebrates Canada (2) No negative 
control 
Kail Quinn and Kwak (2000) Fish United States (2) No negative 
control 
Kail Shields et al. (1993) Fish United States (2) No negative 
control 
Kail Yu et al. (2010) Macroinvertebrates China (2) No negative 
control 
Kail Albertson et al. (2011) Macroinvertebrates United States (3) Only two 
sites 
Kail Brooks et al. (2006) Fish Australia (3) Only two 
sites 
Kail Friberg et al. (1994) Macroinvertebrates Denmark (3) Only two 
sites 




(3) Only two 
sites 
Kail Jungwirth et al. (1993) Macroinvertebrates and 
fish 
Austria (3) Only two 
sites 
Kail Sarriquet et al. (2007) Macroinvertebrates France (3) Only two 
sites 
Kail Shields et al. (1998) Fish United States (3) Only two 
sites 
Kail Spänhoff et al. (2006) Macroinvertebrates Germany (3) Only two 
sites 
Curran Nicolas et al. (2009) Non-volant small 
mammals 
Guinea (4) < 3 
taxonomic 
families 
Curran Sorensen and Fedigan 
(2000) 
Large mammals Costa Rica (4) < 3 
taxonomic 
families 
Kail Avery (1996) Fish United States (4) < 3 
taxonomic 
families 
Kail Fjellheim et al. (2003) Fish Norway (4) < 3 
taxonomic 
families 
Kail House (1996) Fish United States (4) < 3 
taxonomic 
families 






Kail Kelly and Bracken (1998) Fish Ireland (4) < 3 
taxonomic 
families 
Kail Lehane et al. (2002) Fish Ireland (4) < 3 
taxonomic 
families 
Kail Merz et al. (2004) Fish United States (4) < 3 
taxonomic 
families 
Kail Muhar et al. (2007) Fish Austria (4) < 3 
taxonomic 
families 
Kail Newbury and Gaboury 
(1993) 
Fish Canada (4) < 3 
taxonomic 
families 
Kail Palm et al. (2010) Fish Sweden (4) < 3 
taxonomic 
families 
Kail Pedersen et al. (2009) Fish Denmark (4) < 3 
taxonomic 
families 
Kail Sabaton et al. (2008) Fish France (4) < 3 
taxonomic 
families 
Kail Saunders and Smith 
(1962) 
Fish Canada (4) < 3 
taxonomic 
families 
Kail Scruton et al. (1998) Fish Canada (4) < 3 
taxonomic 
families 
Kail Shetter et al. (1949) Fish United States (4) < 3 
taxonomic 
families 
Kail Solazzi et al. (2000) Fish United States (4) < 3 
taxonomic 
families 
Kail van Zyll De Jong et al. 
(1997) 
Fish Canada (4) < 3 
taxonomic 
families 
Kail Zika and Peter (2002) Fish Liechtenstein (4) < 3 
taxonomic 
families 
Curran Chambers et al. (1994) Plants United States (5) Species data 
insufficient or 
absent 
Curran Gollan et al. (2011) Beetles Australia (5) Species data 
insufficient or 
absent 
Curran Johns (1991) Birds Brazil (5) Species data 
insufficient or 
absent 
Curran Kanowski et al. (2006) 
[1] 






Curran Kanowski et al. (2006) 
[2] 
Reptiles Australia (5) Species data 
insufficient or 
absent 
Curran MacGregor-Fors et al. 
(2010) 
Birds Mexico (5) Species data 
insufficient or 
absent 
Curran McLachlan and Knispel 
(2005) 
Plants Canada (5) Species data 
insufficient or 
absent 
Curran Medellín et al. (2000) Bats Mexico (5) Species data 
insufficient or 
absent 
Curran Wijesinghe and Brooke 
(2005) 
Non-volant small 
mammals and birds 
Sri Lanka (5) Species data 
insufficient or 
absent 
Kail Gerhard and Reich 
(2000) 
Macroinvertebrates Germany (5) Species data 
insufficient or 
absent 
Kail Haapala et al. (2003) Macroinvertebrates Finland (5) Species data 
insufficient or 
absent 
Kail Howson et al. (2009) Fish Australia (5) Species data 
insufficient or 
absent 
Kail Merz et al. (2005) Macroinvertebrates United States (5) Species data 
insufficient or 
absent 
Kail Moerke et al. (2004) Macroinvertebrates and 
fish 
United States (5) Species data 
insufficient or 
absent 
Kail Monahan and Caffrey 
(1996) 
Macroinvertebrates Ireland (5) Species data 
insufficient or 
absent 




United States (5) Species data 
insufficient or 
absent 
Kail Shin et al. (2011) Macroinvertebrates South Korea (5) Species data 
insufficient or 
absent 
Curran Andersen et al. (2001) Grasshoppers Australia (6) Lone study 
of taxa 
Kail Passy and Blanchet 
(2007) 






Appendix D. Model output by focal question  
 
The questions to which each output table responds matches those outlined in the Introduction, 
Methods and Results. Explanations for the abbreviations used throughout the following six 
tables are as follows: Design, LON = longitudinal, SFT = space-for-time; Response, FRic = 5 
functional richness, FEve = functional evenness, FDis = functional dispersion, nbsp = species 
richness, lognbsp = log-transformed species richness, sp.Eve = species evenness, 
FRic.dist.from.pos = functional richness (distance from positive control, see ‘Model 
structure’ in Methods), FEve.dist.from.pos = functional evenness (distance from positive 
control), FDis.dist.from.pos = functional dispersion (distance from positive control); Std. 10 
Error = standard error; # obs = number of observations. The number of observations of each 
random factor level are also presented in the following tables. Additionally, treatment is a 
categorical variable with active, passive, pos_control (= positive control) and neg_control (= 
negative control) as levels. Treatment2 is a categorical variable with active and passive 
collapsed into one level (‘restored’), thus treatment2 has three levels: pos_control, restored 15 
and neg_control. Realm is a categorical variable with terrestrial and freshwater as levels. 
Years_since_restoration is a continuous variable reporting time since project initiation in 
years. In all models neg_control was taken as the baseline level (i.e. intercept condition) for 
both treatment and treatment2 variables, and freshwater was taken as the baseline level for 
the factor realm.  20 
 
In my models, background factors not accounted for by fixed effects were captured by 
random effects; in modelling longitudinal data, taxon was retained in model selection only in 




model variance. In space-for-time data, 56% of variance was explained by the random effect 
for taxon in predicting functional richness with species richness, 28% explained by the 
random slope of active restoration treatment across different taxonomic groups in predicting 
species richness with restoration, 49% and 41% explained by the random slope for passive 
restoration treatment across different taxonomic groups and different ecoregion respectively 5 
in predicting functional richness with restoration, and finally in predicting FRic.dist.from.pos 
with restoration, taxon and ecoregion random effects explained 21% and 19% of variance, 
with a further 25% and 27% explained by random slopes of treatment (with active and 





Table S16. Summary of coefficient estimates of models tested in Question 1) Does functional diversity increase with species diversity? 
 
  
Design Response Fixed effect Estimate Std. Error t-value p-value Random effect # obs site:(block:study) block:study study 
LON FRic (intercept) -0.68749 0.10657 -6.451 < 0.0001 – 257 90 26 15 
lognbsp 0.47392 0.02193 21.613 < 0.0001 
SFT FRic (intercept) -0.15325 0.09588 -1.598 0.1738 (nbsp|taxon) +  
(nbsp| ecoregion) 
320 – 29 15 
nbsp 0.04583 0.01901 2.410 0.0591 
LON FEve (intercept) 0.57480 0.08159 7.045 0.0263 (sp.Eve|taxon) + 
(sp.Eve|ecoregion) 
245 86 25 14 
realmterrestrial 0.18733 0.24467 0.766 0.4710 
SFT FEve (Intercept) 0.65271 0.09545 6.838 < 0.0001 – 284 – 20 13 
sp.Eve -0.20976 0.10885 -1.927 0.0572 
realmterrestrial -0.16517 0.12705 -1.300 0.2059 
sp.Eve: 
realmterrestrial 
0.38148 0.12451 3.064 0.0027 
LON FDis (Intercept) 0.11820 0.01948 6.070 < 0.0001 – 257 90 26 15 
lognbsp 0.01444 0.00600 2.408 0.0169 
SFT FDis (Intercept) 0.08680 0.01614 5.377 < 0.0001 – 320 – 29 15 




Table S17. Summary of coefficient estimates of models tested in Question 2) Does the observed relationship between species and 
functional diversity differ from what would be expected by chance alone? 
 
  
Design Response Fixed effect Estimate Std. Error t-value p-value Random effect # obs site:(block:study) block:study study 
LON Z score (intercept) -0.14490 0.21810 -0.665 0.5170 – 244 87 23 15 
realmterrestrial -0.36670 0.90720 -0.404 0.6910 
SFT Z score (intercept) 0.40090 0.42080 0.953 0.3860 (nbsp|taxon)  
 
279 – 25 13 




Table S18. Summary of coefficient estimates of models tested in Question 3) Does restoration increase species diversity relative to 
negative controls, and does this increase with time? Where species richness was the response variable, generalised linear mixed-effects 
models were run and hence z-values reported; where species evenness was the response variable, linear mixed-effects models were run, 
so t-values reported. A term for individual-level fixed effects (1|newvar) was included in the space-for-time model of richness to correct 
for overdispersion. 5 
 
Design Response Fixed effect Estimate Std. Error t- or z-value p-value Random effect # obs site:(block:study) block:study study 
LON nbsp (Intercept) 2.48536 0.36095 6.886 < 0.0001 (1|taxon) 257 90 26 15 
realmterrestrial -21.6704 8.31125 -2.607 0.0091 
years_since_restoration 0.08108 0.01901 4.265 < 0.0001 
treatmentactive 0.03690 0.04474 0.825 0.4095 
treatmentpassive 0.31610 0.15215 2.078 0.0378 
treatmentpos_control -0.04296 0.06638 -0.647 0.5175 
realmterrestrial: 
years_since_restoration 
1.34487 0.54668 2.460 0.0139 
SFT nbsp (Intercept) 3.00613 0.26464 11.359 < 0.0001 (treatment|taxon
) + (1|newvar) 
205 – 27 14 
realmterrestrial -0.43011 0.35348 -1.217 0.2237 
treatmentactive -0.30529 0.25055 -1.218 0.2231 
treatmentpassive 0.08050 0.14181 0.568 0.5703 
years_since_restoration 0.07356 0.02025 3.632 0.0003 
realmterrestrial: 
treatmentactive 
1.26873 0.18922 6.705 < 0.0001 









-0.01598 0.01197 -1.335 0.1820 
LON sp.Eve (Intercept) 0.56944 0.03800 14.984 < 0.0001  245 86 25 14 
years_since_restoration 0.01832 0.00590 3.105 0.0028 
SFT sp.Eve (Intercept) 0.70140 0.05051 13.890 < 0.0001  180 – 18 12 




Table S19. Summary of coefficient estimates of models tested in Question 4) Does restoration increase functional diversity relative to 
negative controls, and does this effect change with time? 
 
Design Response Fixed effect Estimate Std. Error t-value p-value Random effect # obs site:(block:study) block:study study 
LON FRic (Intercept) 0.46998 0.05117 9.185 < 0.0001  257 90 26 15 
realmterrestrial -0.19533 0.25945 -0.753 0.4561 
treatmentactive 0.02545 0.03167 0.804 0.4251 
treatmentpassive 0.04995 0.10559 0.473 0.6377 
treatmentpos_control -0.00782 0.04879 -0.160 0.8734 
years_since_restoration 0.02728 0.00894 3.050 0.0026 
realmterrestrial: 
treatmentpos_control 
-0.24697 0.11632 -2.123 0.0378 







realmterrestrial -0.08276 0.12601 -0.657 0.5241 
treatmentactive -0.09080 0.09695 -0.937 0.5224 
treatmentpassive 0.28637 0.51583 0.555 0.6130 
years_since_restoration 0.05555 0.01080 5.142 < 0.0001 
realmterrestrial: 
treatmentactive 
0.35657 0.09887 3.607 0.0004 
realmterrestrial: 
years_since_restoration 








-0.01793 0.00767 -2.338 0.0212 
LON FEve (Intercept) 0.57738 0.04684 12.328 < 0.0001  257 90 26 15 
realmterrestrial 0.20269 0.18480 1.097 0.2920 





realmterrestrial 0.19763 0.09077 2.177 0.0504 
LON FDis (Intercept) 0.13787 0.01257 10.967 < 0.0001  257 90 26 15 
treatment2pos_control 0.00975 0.01023 0.953 0.3452 
treatment2restored 0.01687 0.00673 2.507 0.0151 
years_since_restoration 0.00449 0.00167 2.690 0.0077 
treatment2pos_control: 
years_since_restoration 
-0.00387 0.00148 -2.620 0.0107 
treatment2restored: 
years_since_restoration 
-0.00136 0.00136 -1.004 0.3184 











Table S20. Summary of coefficient estimates of models tested in Question 5) Does the effect of restoration on functional diversity exceed 
that expected by chance given species richness? 
 
  
Design Response Fixed effect Estimate Std. Error t-value p-value Random effect # obs site:(block:study) block:study study 
LON Z score (intercept) -0.14490 0.21810 -0.665 0.5170 – 244 87 23 15 
realmterrestrial -0.36670 0.90720 -0.404 0.6910 
SFT Z score (intercept) -0.27100 0.48110 -0.563 0.5938 (1|taxon)  
 
200 – 25 13 




Table S21. Summary of coefficient estimates of models tested in Question 6) Does the functional diversity of restored sites progress 
towards that of positive control sites over time, and is this change faster than in negative controls? 
 
 
Design Response Fixed effect Estimate Std. Error t-value p-value Random 
effect 
# obs site:(block:study) block:study study 
SFT FRic.dist. 
from.pos 




160 – 18 9 
years_since_restoration -0.00432 0.00164 -2.627 0.0115 
SFT FEve.dist. 
from.pos 
(Intercept) 0.00705 0.00926 0.762 0.4667  
 
160 – 18 9 
years_since_restoration -0.00091 0.00038 -2.390 0.0181 
SFT FDis.dist. 
from.pos 
(Intercept) -0.01168 0.01175 -0.995 0.3511  160 – 18 9 
treatmentactive 0.00441 0.00683 0.645 0.5196 
treatmentpassive 0.03158 0.00575 5.492 < 0.0001 
years_since_restoration -0.00073 0.00023 -3.216 0.0016 
